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PKEFACE 


Although  in  recent  years  several  important  works  on 
Dynamics  have  been  published  in  England,  yet  none  have 
been  issued  which  seem  to  fill  the  role  contemplated  in  this 
book.  In  its  composition  we  have  started  from  the  most  ele- 
mentary conceptions,  so  that  any  Student  who  is  acquainted 
with  the  conditions  of  Equilibrium  and  with  the  notation  of 
the  Calculus  can  commence  the  Treatise  vdthout  requiring 
the  previous  study  of  auy  other  work  on  the  subject.  The 
first  half  contains  a  tolerably  full  treatment  of  what  is 
usually  styled  the  Dynamics  of  a  Particle.  The  latter  half 
treats  of  the  Kinematics  and  Kinetics  of  Eigid  Bodies ;  and 
throughout  we  have  kept  the  practical  nature  of  the  subject 
in  view,  and  have,  in  general,  avoided  purely  fancy  problems. 
In  an  early  chapter  we  have  introduced  and  elucidated 
the  general  principle  of  Work  or  Energy,  and  have  given 
subsequently  a  more  complete  treatment  of  this  great 
principle,  illustrating  it  by  a  brief  application  to  the 
theory  of  Thermodynamics.  In  the  latter  part  of  the  book 
we  have  borrowed  largely  from  Thomson  and  Tait's  Natural 
Philosophy ;   Eouth's  Rigid  Dynamics;   Schell's  Theorie  der 
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Bewegmig  und  der  Krdfte ;  and  Olausius'  Mechanical  Theory  of 
Heat ;  our  aim  having  been  simply  to  enable  the  Student  to 
acquire  as  easily  as  possible  a  knowledge  of  the  subject  of 
which  we  treat. 

In  this  Edition  we  have  carefully  revised  and  to  a  con- 
siderable extent  rearranged  the  entire  Work.  In  doing  so  we 
have  developed,  and  in  some  cases  rewritten,  many  por- 
tions of  the  subject,  more  especially  that  on  generalized 
coordinates  in  connexion  with  Lagrange's  and  Hamilton's 
methods.  We  have  also  exhibited  the  general  theory  of 
small  oscillations  in  a  new  form,  and  one  which  we  hope 
will  be  easily  comprehended  by  the  Student. 

To  those  who  desire  to  pursue  the  study  of  Dynamics  to 
its  highest  development,  the  perusal  of  the  great  treatise  of 
Thomson  and  Tait,  as  also  that  of  Eouth,  will,  we  hope,  be 
facilitated  by  using  the  present  Work  as  an  introduction. 

We  may  add  that  to  the  latter  writer  our  obligations, 
as  the  reader  will  find,  have  been  largely  increased  in  this 
Edition. 


Trinity   College, 
May,  1889. 
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DYNAMICS. 


CHAPTER   I. 

VELOCITY. 

1.  matter. — We  give  the  name  of  matter  to  that  which 
exclusively  occupies  space,  and  which  we  regard  as  the 
permanent  cause  of  any  of  our  sensations.  Portions  of 
matter  which  are  bounded  in  every  direction  are  called  bodies. 
Every  body  has  necessarily  a  determinate  volume,  and  an 
external  form  or  surface ;  and  exists,  or  is  conceived  to  exist, 
in  space. 

A  portion  of  matter  indefinitely  small  in  all  its  dimen- 
sions is  called  a  material  ^«r^«6*/e.  Every  body  may  be  re- 
garded as  consisting  of  an  indefinitely  great  number  of 
particles.  The  name  oi  force  is  given  to  any  cause  which 
produces,  or  tends  to  produce,  motion  in  matter.  The  branch 
of  Mechanics  which  treats  of  motion  produced  in  a  body  by 
the  action  of  force  is  commonly  called  Dynamics. 

We  commence  with  the  consideration  of  motion  in  itself, 
without  any  regard  to  its  cause. 

2.  IWotioii,  "Velocity. — When  a  body  continually 
changes  its  position  in  space,  it  is  said  to  be  in  motion; 
and  the  rate  and  the  direction  of  the  motion  of  any  of  its 
points  at  any  instant  is  called  the  velocity  of  the  point  at 
that  instant. 

The  motion  of  a  point  is  said  to  be  rectilinear  or  curvilinear 
according  as  its  path  is  a  right  line  or  curved. 

In  the  case  of  curvilinear  motion,  the  direction  of  motion 
of  a  particle  at  any  instant  is  that  of  the  tangent  to  its  path, 
drawn  at  the  point  occupied  by  the  moving  particle  at  the 
instant. 
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3.  Motion  of  Translation. — If  all  the  points  of  a  rigid 
body  move,  at  each  instant,  in  parallel  directions,  the  body  is 
said  to  have  a  motion  of  translation  only ;  and  the  motion  of 
the  body  is  completely  determined  when  that  of  any  one  of  its 
points  is  known.  It  is  usual,  in  this  case,  to  take  its  centre 
of  mass  as  the  point  whose  motion  determines  that  of  the 
body. 

In  our  earlier  chapters,  whenever  we  speak  of  a  rigid 
body  moving,  we  suppose  it  to  have  a  motion  of  transla- 
tion solely,  and  we  consider  its  path  as  that  of  its  centre  of 
mass. 

4.  Uniform  motion,  Velocity. — If  a  point  move  over 
equal  lengths  or  spaces,*  in  equal  intervals  of  time,  however 
short  the  intervals  be  taken,  its  motion  is  said  to  be  uniform ; 
and  its  velocity  is  measured  by  the  s^Mce  described  in  the  unit 
of  time :  this  is  the  same  at  every  instant  so  long  as  the 
motion  continues  uniform. 

A  second  is  usually  adopted  as  the  unit  of  time  ;  and,  in 
this  country,  a  foot  as  the  unit  of  length.  Thus,  the  velocity 
of  a  point  which  moves  over  five  feet  in  each  second  is  said  to 
be  a  velocity  of  5  feet  per  second,  and  is  numerically  denoted 
by  5  ;  and  similarly  in  other  cases.  If  any  other  units  of 
time  and  space  be  adopted,  the  number  which  represents  the 
velocity  of  the  moving  point  will  have  to  be  altered  pro- 
portionally. Thus,  we  speak  of  a  velocity  of  10  miles  an 
hour,  or  100  yards  a  minute,  &c. :  each  of  these  can  be  readily 
expressed  in  feet  per  second,  when  necessary. 

The  space,  or  length  of  the  path  described  during  any 
time,  is  usually  denoted  by  the  letter  s,  the  velocity  by  v,  and 
the  time  estimated  in  seconds  by  t.f  In  the  case  of  uniform 
motion,  the  relation  connecting  these  quantities  can  be  imme- 
diately obtained.  For,  if  the  space  described  in  one  second 
be  represented  by  v^  that  described  in  two  seconds  is  repre- 
sented by  2v,  that  in  three  seconds  by  3^',  and  that  in  any 
number  (t)  of  seconds  by  vt. 


*  The  word  space  is  employed  in  abbreviation  for  length  of  path  described. 

t  Unless  tbe  contrary  be  stated,  we  shall  in  all  cases  assume  a  foot  and  a 
second  as  our  units  of  space  and  time,  i.e.  we  shall  regard  t  as  representing 
a  number  of  seconds  or  parts  of  a  second,  and  s  as  a  number  of  feet. 
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Accordingly  we  have  in  the  case  of  uniform  motion  the 
relation 

s  =  vt  (1) 

This  formula  evidently  holds  good  whatever  be  the  units 
of  space  and  time,  and  introduces  the  unit  of  velocity  as  that 
of  a  unit  of  space  described  in  a  unit  of  time.  It  is  true  for 
uniform  curvilinear,  as  well  as  rectilinear  motion ;  and  also 
whether  t  represents  a  number  of  seconds,  or  any  part  of  a 
second,  however  small. 

Again,  if  s'  denote  the  space  described  in  the  time  t\  we 
have    s'  =  vt\    and  hence 


f  -t' 


or  the  velocity,  when  uniform,  is  measured  by  the  space  de- 
scribed during  any  interval  of  time  divided  by  the  number  by 
ivhich  that  time  is  represented. 

This  result  equally  holds  good  if  we  suppose  the  interval  of 
time,  denoted  by  t'  -  t,  to  become  indefinitely  small ;  in  which 

case  the  limiting  value  of  -, — -  or  —  will  still  represent  the 

t  —  t      at 

velocity  v. 

Examples. 

1.  If  a  body,  moving  uniformly,  pass  over  10  miles  in  an  hour,  find  its  ve- 
locity in  feet  per  second.  Ans.  14|, 

2.  If  a  body,  moving  uniformly  with  a  velocity  of  16  feet  per  second,  pass 
over  100  miles,  find  the  time  of  its  motion.  Ans.  9  hrs.  10  min. 

3.  Assuming  that  light  travels  from  the  sun  to  the  earth  in  S""  30%  and  that 
its  velocity  is  180,000  miles  per  second,  calculate  the  distance  of  the  sun. 

Ans.  91,800,000  miles. 

4.  If  a  velocity  of  20  miles  an  hour  be  the  unit  of  velocity,  and  a  mile  the 
unit  of  space,  find  the  number  which  represents  a  velocity  of  32  feet  per  second. 

Ans.  l^f. 

5.  Find  in  metres  the  velocity  of  a  point  on  the  earth's  equator  arising  from 
the  rotation  of  the  earth  on  its  axis.  Ans.  463. 

5.  Variable  Motion. — If  the  spaces  described  in  equal 
intervals  of  time  be  not  equal,  the  motion  is  said  to  be 
variable,  and  the  velocity  can  no  longer  be  measured  by  the 
space  actually  described  in  one  second.  The  movable  has, 
however,  at  each  instant  a  certain  definite  velocity  which  is 
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measured  by  the  space  which  it  would  describe  during  a  second^ 
if  it  were  conceived  to  move  uniformly  during  that  time  icith  the 
velocity  which  it  has  at  the  instant  under  consideration. 

For  example,  when  we  say  that  a  railway  train  is  moving 
at  the  rate  of  40  miles  an  hour,  we  mean  that  it  would  pass 
over  40  miles  in  the  hour  if  it  continued  to  move  during  that 
time  with  the  speed  which  it  has  at  the  instant  referred  to. 

Again,  if  we  suppose  that  there  are  no  sudden  changes  of 
velocity,  the  change  in  the  velocity  of  a  movable  in  any  in- 
definitely small  portion  of  time  must  be  itself  indefinitely 
small;  as  otherwise  the  velocity  would  not  vary  continuously. 
Accordingly,  in  such  cases,  we  may  suppose  the  motion  as 
uniform  during  the  indefinitely  small  time  dt ;  and  we  sliall 
have  (as  in  the  last  Article)  for  the  velocity  v  at  any  instant 
the  equation 

That  is,  in  all  cases  the  velocity  of  a  point  at  any  instant  is 
measured  by  the  limiting  value  of  the  space  described  in  a 
small  interval  of  time,  divided  by  the  number  which  repre- 
sents that  interval  of  time.  This  method  of  expressing  velo- 
city is  sometimes  concisely  represented  in  the  notation  of 
Newton  by  the  symbol  s. 

6.  Mean  "Velocity. — If  a  body  describe  the  space  s  in 
the  time  ^,  then  its  mean  or  average  velocity  during  that  time 

is  represented  by  -,  being  the  velocity  with  which  a  body, 
t 

moving  uniformly,  would  describe  the   same   space  in  the 

time  t.     The  formula  (2)  can  be  immediately  deduced  from 

the  consideration  of  mean  or  average  velocity — for  we  may 

consider  the  velocity  of  a  point  at  any  instant  as  being  its 

mean  velocity  during  an  infinitely  small  interval  of  time; 

ds 
whence  we  get,  as  before,  the  relation  v  =  —. 

at 

7.  Geometrical  Representation  of  a  Telocity. — 

Uniform  rectilineal  motion  is  completely  determined  when 
the  direction  and  rate  of  motion  are  known.  Hence  the 
velocity  of  a  point  can  be  represented  both  in  magnitude  and 
direction  by  a  right  line. 
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Thus,  if  a  point  move  uniformly  in  tlie  line  OP,  so  as  to 

describe  the  space  OA  in  the  unit 

of  time  (one  second  suppose),  the  ^ 

line  OA  may  be  taken  to  repre- 
sent the  velocity  of  the  point  both  in  magnitude  and  direc- 
tion.     The  arrow  head  denotes  the  direction  in  which   the 
motion  takes  place,  namely  from  0  to  A. 

This  method  of  representation  holds  good  also  in  the  case 
of  variable  velocity,  provided  OA  be  the  space  which  the  body 
would  describe  in  one  second  if  its  velocity  remained  unaltered 
in  magnitude  and  direction  (Art.  5). 

In  accordance  with  the  principles  established  in  Greometry, 
if  the  velocity  of  a  particle  moving  from  0  to  P  be  regarded 
as  positive,  velocity  in  the  opposite  direction,  i.  e.  from  P  to  0, 
must  be  regarded  as  negative. 

8.  Ilineiiiaties. — As  our  ideas  of  motion  and  velocity 
depend  solely  on  our  conceptions  of  space  and  time,  the  whole 
subject  of  motion  admits  of  being  treated  as  a  branch  of  pure 
Mathematics ;  and,  as  such,  has  been  discussed  in  many 
important  treatises  during  recent  years. 

This  branch  of  Mathematics  is  called  Kinematics*  (from 
KLvrijua,  motion),  and  in  it  the  motion  of  a  body  is  discussed 
without  any  reference  to  the  force  or  forces  by  which  the 
motion  is  produced.  Questions  of  the  latter  class,  ^.  e.  of 
motion  with  reference  to  force,  belong  to  the  science  of  Dy- 
namics, or  what  is  now  usually  styled  Kinetics. 

The  foregoing  distinction  should  be  observed  by  the 
student,  as  much  indistinctness  of  conception  arises  from  its 
not  being  carefully  kept  in  mind  in  the  study  of  Dynamics. 

In  the  present  treatise  it  is  not  proposed  however  to  divide 
the  treatment  of  the  subject  in  the  manner  indicated,  as  to 
do  so  would  require  a  complete  discussion  of  motion  (in- 
cluding rotation  and  kindred  subjects)  before  entering  on  the 
most  elementary  problems  in  Dynamics.  At  the  same  time 
it  will  aid  the  student  towards  obtaining  clear  mechanical 
conceptions  if  he  will  consider   what  part  of  each  problem 


*  The  name  **  Cinematique  "  was  first  given  to  this  branch  of  Mathematics 
by  Ampere,  in  his  *'  Essai  sur  la  philosophie  des  Sciences,"  1834 
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discussed  belongs  properly  to  the  science  of  Kinematics,  and 
what  to  that  of  Dynamics  or  Kinetics. 

9.  Rest  and  Hotion,  Relative. — We  have  defined 
rest  and  motion  with  reference  to  space.  Now  of  space  in 
itself  or  absolute  space  our  senses  take  no  cognizance,  all  that 
we  perceive  being  matter  or  body  as  occupying  or  existing  in 
space ;  but  our  senses  give  us  no  information  as  to  whether 
any  body  occupies  the  same  absolute  position  in  space  during- 
successive  intervals  of  time  or  not.  Hence,  of  absolute  rest 
we  can  have  no  perception  or  knowledge ;  and  when  we  say 
that  a  body  is  at  rest  we  mean  that  it  does  not  alter  its  posi- 
tion with  relation  to  other  bodies  which  are  considered  fixed. 
For  instance,  bodies  on  the  earth's  surface  are  said  to  be  at 
rest  when  they  do  not  alter  their  position  relatively  to  the 
earth's  surface  ;  we  know  however  that  the  earth  has  at  least 
two  distinct  motions,  one  of  rotation  relative  to  its  axis ;  the 
other  around  the  sun,  regarded  as  fixed.  As  our  idea  of  rest 
is  only  relative,  so  also  must  be  our  idea  of  motion  :  thus,  a^ 
body  is  said  to  be  in  motion  when  it  alters  its  position  with 
respect  to  other  bodies  regarded  as  being  at  rest. 

Hence  all  motions  must  be  considered  as  relative  :  for  in- 
stance, when  we  say  that  a  body  is  moving  at  the  rate  of 
thirty  miles  an  hour,  we  mean  that  such  is  its  velocity  relative 
to  a  place  on  the  earth :  its  absolute  velocity  is  immensely 
greater,  and  is  obtained  by  combining  this  velocity  with  the 
absolute  velocity  of  the  earth  itself. 

Again,  we  speak  of  the  same  body  as  at  rest,  or  as  in 
motion,  according  as  we  compare  its  position  with  that  of  one 
object  or  of  another.  For  example,  a  person  seated  in  a 
railway  carriage  is  said  to  be  at  rest  relatively  to  the  carriage^ 
and  to  be  in  motion  relatively  to  the  earth,  &c. 

That  a  body  may  be  regarded  as  having  at  the  same  in- 
stant two  or  more  velocities  is  a  matter  of  common  experience : 
for  instance,  if  a  ball  roll  along  the  deck  of  a  vessel,  which  i& 
descending  a  river,  we  conceive  the  ball  as  having  simul- 
taneously one  velocity  along  the  deck ;  another,  that  of  the 
vessel  in  the  stream  ;  a  third,  that  of  the  river  relatively  ta 
its  banks,  &c.  The  velocity  of  the  ball,  relatively  to  the 
earth,  is  got  by  compounding  these  separate  velocities.  We 
proceed  to  show  in  what  manner  this  can  be  done. 
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10.  Composition  of  Velocities. — Suppose  a  point  to 
move  uniformly,  with  a  velocity  t*, 
along  the  line  AB,  while  the  line 
moves  uniformly  parallel  to  itself ; 
then  the  point  may  be  regarded  as 
having  the  two  velocities  simulta- 
neously. In  order  to  find  its  position 
at  the  end  of  any  time  t,  let  AB  be 
the  space  which  it  would  describe  in  that  time  along  AB 
considered  as  fixed;  and  let  CD  be  the  position  of  the 
moving  line  at  the  end  of  the  same  time;  complete  the 
parallelogram  ABDC;  then  D  will  plainly  be  the  position 
of  the  moving  point  at  the  end  of  the  time  t.  Also,  if  v  be 
the  uniform  velocity  of  the  point  along  the  line  A  C,  we  shall 
have  AC  =  vt,  and  CD  =  vt.     Hence 

AC  ^v' 
CB~  v' 

Again,  as  this  is  independent  of  t,  the  ratio  of  -4(7  to  CD 
will  be  constant  during  the  entire  motion  ;  and  consequently 
the  point  will  move  from  ^  to  D  along  the  diagonal  AD. 

To  find  the  velocity  of  the  moving  point,  we  make  ^  =  1 
(or  the  unit  of  time)  in  the  last ;  then  AB  and  A  C  represent 
in  magnitude  and  direction  the  component  velocities  of  the 
moving  point,  and  AD  represents  the  resultant  velocity  :  in 
other  words,  if  a  body  be  animated  by  two  velocities  repre- 
sented in  magnitude  and  direction  by  the  sides  of  a  parallel- 
ogram, the  resultant  velocity  is  represented  in  magnitude  and 
direction  by  the  diagonal  of  the  parallelogram. 

Conversely,  any  velocity  may  be  regarded  as  equivalent 
to  two  velocities  in  any  two  directions,  and  the  magnitudes  of 
the  component  velocities  can  be  determined  by  the  preceding 
construction. 

In  like  manner,  if  a  body  be  animated  simultaneously 
with  three  velocities,  its  resultant  velocity  is  represented  in 
magnitude  and  direction  by  the  diagonal  of  the  parallelepiped 
whose  edges  represent  the  component  velocities.  For  we  can 
compound  two  of  these  velocities  by  the  method  given  above, 
and  then  compound  their  resultant  with  the  third  velocity. 
This  principle  can,  plainly,  be  extended  to  the  case  of  a  point 
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supposed  to  be  animated  by  any  number  of  velocities  simul- 
taneously. 

11.  Polygon  of  Velocities. — It  immediately  follows 
that  if  a  point  be  subjected  to  any  number  of  simultaneous 
velocities  its  resultant  velocity  can  be  obtained  by  the  fol- 
lowing geometrical  construction  : — 

From  0,  the  original  position  of  tbe  point,  draw  OA, 
representing  one  of  the  given  velocities  in  magnitude  and 
direction  ;  from  A  draw  AB,  parallel  and  equal  to  the 
line  which  represents  a  second  velocity ;  and  so  on  for  the 
remaining  velocities ;  then  the  line  which  connects  0  with 
the  extremity  of  the  line  drawn  parallel  and  equal  to  the 
line  representing  the  last  velocity  will  represent  the  resultant 
velocity,  both  in  magnitude  and  direction. 

This  construction  is  called  the  polygon  of  velocity,  and  is 
in  general  a  gauche  polygon. 

The  preceding  result  admits  of  being  stated  otherwise, 
thus  :  If  a  body  be  subjected  to  two  or  more  uniform  veloci- 
ties it  will  arrive  at  the  same  position  at  the  end  of  any  time 
as  it  would  have  arrived  at  if  the  several  motions  had  taken 
place  successively  instead  of  simultaneously.  This  is  adopted 
as  an  axiom  by  some  writers  on  Mechanics,  for  it  appears  to 
be  an  immediate  consequence  of  our  ideas  of  motion.  The 
student  can  easily  see  that  the  whole  theory  of  the  composi- 
tion of  velocities  can  be  deduced  from  this  principle. 

12.  Component  and  Resultant  Teloeities. — The 
velocities  represented  by  AB  and  AC,  in  Art.  10,  are  called 
the  components  of  the  velocity  represented  by  AD. 

If  a  point  describe  a  plane  path,  the  usual  method  of 
representing  its  position  is  with  reference  to  two  fixed  rect- 
angular axes  lying  in  the  plane. 

Then,  if  ir,  y  be  the  coordinates  of  the  moving  point  at 
any  instant,  its  component  velocities  parallel,  respectively,  to 
the  coordinate  axes,  are  evidently,  by  Art.  5,  represented  by 
dx      -  dy 

di^^    di' 

Also,  if  a  be  the  angle  which  the  direction  of  motion  at 
the  instant  makes  with  the  axis  of  cr,  the  component  veloci- 
ties are  represented  by  v  cos  a  and  v  sin  a,  respectively ;  i.  e, 
the  velocity  with  which  a  point  is  moving  in  any  fixed  direc- 
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tion  is  equal  to  the  component  of  its  velocity  in  that  direc- 
tion. 

Hence  we  get    «;  cos  a  =  — ,     ^  sin  a  =  -^.  (3) 

lit  ctt 

If  we  square  and  add,  we  get 

,    /^^V    f^^yy    f^^sY  els 

'=[dt)''[dt)=[jt)'^''''''dt' 

i.e.  the  velocity  in  a  curvilinear  path  is  represented  in  the 
same  matter  as  in  a  rectilinear  ;  this  result  might  have  been 
directly  established  from  other  considerations. 

More  generally,  if  Xy  y^  %  be  the  coordinates  of  a  moving 
point  at  any  instant,  with  reference  to  any  system  of 
coordinate  axes,    its    component  velocities    parallel  to   the 

coordinate  axes  are  plainly  represented  by  — ,  -jj  and  — ,  re- 
spectively. If  the  axes  be  rectangular,  and  if  a,  j3,  7  be  the 
direction  angles,  and  v  the  magnitude  of  the  velocity  of  the 
point,  then  the  component  velocities  parallel  to  the  coordinate 
axes  are  represented  by  v  cos  a,  v  cos  j3,  v  cos  7,  respectively. 
Henqe,  in  this  case,  we  have 

dx  _.     dy  dz  ... 

.cosa  =  ^,    i>cosl5  =  -,    t'Cosv=-.  (4) 

In  Newton's  notation,  as  in  Art.  5,  these  component 
velocities  are  represented  by  the  symbols,  x,  y,  % . 

13.  Relative  Velocity. — If  the  point  A  be  in  motion 
along  AB  with  a  velocity  represented 
by  AB,  and,  at  the  same  time,  A^  be 
in  motion  along  A'B'  with  a  velocity  re- 
presented by  A^B\  to  find  their  relative 
velocity. 

Draw  AJD  parallel  and  equal  to  A'B\ 
and  construct  the  parallelogram  ACBJD; 

then  the  velocity  AB  may  be  regarded      

as  equivalent  to  the  velocities  AD  and     K       '     ~~     b' 
AC;  now  the  former  velocity,  being  equal  and  in  the  same 
direction  as  that  of  the  other  jmnt  A\  tcill  not  alter  the  relative 
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position  of  the  points  (Art.  10)  ;  consequently  the  latter  com- 
ponent AC  represents  the  relative  velocity  of  the  moving 
points,  i.e.  the  velocity  with  which  A  is  moving  relatively  to 
A\  regarded  as  at  rest. 

Hence,  to  get  the  velocity  of  one  moving  point  relatively 
to  another  which  is  also  in  motion,  we  suppose  equal  and 
parallel  motions  given  to  hoth,  each  equal  and  opposite  to  the 
motion  of  the  second  p)oint :  by  this  means  that  point  is  brought 
to  rest,  and  the  velocity  of  the  other,  relative  to  it,  is  had  by 
compounding  the  new  velocity  with  its  original  velocity. 

14.  Components  of  Relative  Velocity. — Suppose 
(x,  ?/,  z),  (/,  p,  z)  to  be  the  coordinates  of  the  two  moving 
points  {M,  M'),  respectively,  with  reference  to  any  coordi- 
nate system  of  fixed  axes.  Then,  to  get  the  motion  of  M\ 
relatively  to  Jf,  we  suppose  three  axes  drawn  through  M 
parallel,  respectively,  to  the  coordinate  axes ;  and  let  ^,  t?,  Z, 
denote  the  coordinates  of  M,  relative  to  these  axes,  and  we 
have 

^  =  x  -  X,  ri=y'-yy   2  =  s'  -  s  ; 
and  hence 

d%  _  dx^      dx      dr)  __  dy       dy      dZ  _  dz'      dz  ^         . 
Jt^di'Jt'    Jt'dt^Jt'    Jt^Jt'di'     ^^ 


I.e. 


dx^     dx      dy'      dy      dz       dz 

dt  ~Jt'  m  ~it'  Jt~  Je 


or  i;'  -  iT,     y  -  y,     z  -  s, 

represent  the  components  of  the  relative  velocity  of  the  two 
moving  particles. 
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\ 

-  1.  Two  points  are  moving  in  rectangular  directions,  with  velocities  of  30O   v/ 
and  400  yards  per  minute  ;  find  their  relative  velocity  in  feet  per  second. 

Ans.  25. 

2.  Two  particles  start  simultaneously  from  different  points,  in  given  direc- 
tions, with  uniform  velocities.  Show  how,  by  a  geometrical  construction,  to 
determine  the  relative  distance  at  the  end  of  any  time ;  and  find  when  this 
distance  is  a  minimum. 

3.  The  tide  is  running  out  of  the  mouth  of  a  harbour  at  the  rate  of  2^  miles 
per  hour ;  in  what  direction  must  a  man,  who  can  row  in  still  water  at  the  rate 
of  6  miles  per  hour,  point  the  head  of  the  boat  in  order  to  make  for  a  point 
directly  across  the  harbour  ? 

■  4.  A  boat  starts  with  a  given  velocity  across  a  river  ;  find  the  direction  in 
which  she  should  steer,  in  order,  M'ithout  altering  her  course,  to  land  at  a  given 
s.tation  at  the  opposite  side  of  the  river — the  velocity  of  the  stream,  and  also  of 
the  boat,  being  supposed  known. 

6.  Two  trains  are  moving,  one  due  south,  the  other  north-east.  If  their 
velocities  be  25  and  30  miles  an  hour,  respectively,  calculate  their  relative 
velocity. 

6.  A  railway  train  is  moving  at  the  rate  of  30  miles  an  hour,  when  it  is 
struck  by  a  stone,  moving  horizontally  and  at  right  angles  to  the  train  with  the 
velocity  of  33  feet  per  second.  Find  the  magnitude  and  direction  of  the  velo- 
city with  which  the  stone  appears  to  meet  the  train. 

Ans.  Resultant  velocity  is  55  feet. 
Indian  Civil  Service  Exam..,  1876. 

7.  Two  particles  start  simultaneously  from  A,  B,  two  of  the  angular  points 
of  a  square  ABCI),  in  the  directions  AB,  BC;  and  describe  the  periphery  with 
constant  velocities  V,  v,  respectively,  where  V  is  greater  than  v,  until  one  par- 
ticle overtakes  the  other.  Prove  that  the  minimum  distances  between  the  par- 
ticles occur  at  equal  intervals  of  time,  and  that  ii  V :  v  :  :  i?i  +  1  :  m,  where  m 
is  an  integer,  the  sum  of  all  these  minimum  distances  is 

m{m  +  1) 
'         X  a  side  of  the  square. 


Camb.  Math.  Trip.,  1871. 
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CHAPTER    II. 


ACCELERATION. 


15.  Acceleration  and   Retardation   of  motion. — The 

velocity  of  a  point  is  said  to  be  accelerated  or  retarded 
according  as  it  increases  or  diminishes  with  the  time.  This 
acceleration,  or  rate  of  change  of  velocity  in  a  fixed  direction, 
may  be  either  uniform  or  variable.  Retardation  of  motion 
is  to  be  regarded  as  a  negative  acceleration,  i.e.  as  an  accelera- 
tion in  the  opposite  direction  to  that  of  the  motion. 

16.  Ilniform  Acceleration. — The  motion  of  a  point 
moving  in  a  straight  line  is  said  to  be  uniformly  accelerated 
when  it  receives  equal  increments  of  velocity  in  equal  times. 
In  this  case  the  acceleration  is  measured  by  the  additional 
velocity  received  in  each  unit  of  time.  As  a  second  is  usually 
taken  as  the  unit  of  time,  we  may  define  the  acceleration  of 
velocity  in  this  case  to  be  measured  by  the  additional  velocity 
received  by  the  movable  in  each  second;  this  acceleration  is, 
usually  denoted  by  the  letter  /. 

In  the  case  of  uniform  acceleration  in  a  right  line  we 
proceed  to  find  expressions  for  the  velocity  at  the  end  of  any 
given  time,  and  also  for  the  space  described. 

17.  "ITelocity  at  any  Instant. — Let  Vq  denote  the  velo- 
city at  the  instant  from  which  the  time  is  reckoned;  then, 
since  the  point  receives  in  each  second  an  additional  velocity 
/,  its  velocity  at  the  end  of  the  first  second  is  Vq  +  f\  at  the 
end  of  the  next  second,  Vq  +  2/;  at  the  end  of  the  third,  Vq  +  3/; 
and  at  the  end  of  n  seconds,  Vq  +  nf.  Or,  if  t  denote  the 
number  of  seconds  in  question,  and  v  the  velocity  at  the  end 
of  that  time,  we  have 

V  =  V,  +ft,^  (1) 

If  the  point  be  supposed  to  start  from  rest,  we  have 

v=ft; 
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that  is,  the  velocitij  acquired  at  the  end  of  t  seconds  is  t  times 
that  acquired  at  the  end  of  one  second. 

In  the  case  of  a  uniformly  retarded  motion,/ denotes  the 
velocity  lost  in  each  second ;  and,  if  i'q  be  the  initial  velocity, 
we  shall  have,  as  before,  for  the  velocity  at  the  end  of  t 
seconds, 

v  =  Vo-ft.  (2) 

In  this  case  the  velocity  becomes  zero  at  the  instant  when 
Vo  =ft,  or  at  the  end  of  the  time  -^  •  If  the  retardation  con- 
tinued afterwards,  the  velocity  would  become  negative ;  that 
is,  the  point  should  proceed  to  move  back  in  a  direction 
opposite  to  that  of  its  former  motion. 

It  will  be  observed  that  the  formulae  (1)  and  (2)  differ 
only  in  the  sign  of/;  they  may  accordingly  be  regarded  as 
comprised  in  the  same  general  formula,  in  which  a  retarda- 
tion, as  stated  before,  is  regarded  as  a  negative  acceleration. 

Examples. 

1 .  If  a  body  start  from  rest  with  a  uniform  acceleration  of  7  feet  per  second, 
find  its  velocity  at  the  end  of  three  minutes. 

Ans.  1260  feet. 

2.  In  what  time  would  a  body  acquire  a  velocity  of  100  feet  per  second  if 
it  start  from  rest  with  a  uniform  acceleration  of  32  feet  per  second  ? 

Ans.  3^  seconds. 

3.  A  body  starts  from  rest  with  the  velocity  of  1000  feet  per  second,  and  its 
motion  is  uniformly  retarded  by  a  velocity  of  16  feet  each  second  ;  find  when  it 
would  be  brought  to  rest. 

Ans.  1  m.  22-sec. 
■     4.  A  velocity  of  one  foot  per  second  is  changed  uniformly  in  one  minute  to 
a  velocity  of  one  mile  per  hour.     Express  numerically  the  rate  of  change  of 
velocity  when  a  yard  and  a  minute  are  taken  as  the  units  of  space  and  time. 

Ans.  ~^. 

18.  Space  described  in  any  Time. — To  find  the 
space  described  in  any  time  in  the  case  of  uniform  accelera- 
tion in  a  straight  line. 

From  equation  (2)  we  get 

hence,  by  integration, 

5  =  ^0^+  Ift"^ ; 
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no  constant  being  added  since  the  space  is  measured  from  the 
position  of  the  point  when  ^  =  0. 

If  the  point  start  from  rest  we  have 

s  =  ift\ 

In  the  case  of  imif  ormly  retarded  motion  we  have 

s  =  Vot  -  iff-. 

This  and  the  preceding  formula  are  represented  by  the 
single  expression 

s  =  Vot±ift\  (3) 

in  which  the  upper  or  lower  sign  is  given  to  /,  according  as 
the  acceleration  has  place  in  the  positive  or  negative  direc- 
tion. 

Similarly,  equations  (1)  and  (2)  are  combined  in  the  state- 
ment 

v  =  Vo±ft.  (4) 

The  preceding  result  admits  also  of  being  established  geo- 
metrically in  the  following  manner,  as  given  by  Newton  : — 

Suppose  the  point  to  start  from  rest,  and  on  any  right 
line  AX  take  portions  AD^  AE,  &c., 
proportional  to  the  intervals  of  time 
from    the    commencement  of  the  b 


motion,   and    erect   perpendiculars 

DB,    ECy    &c.,    representing    the 

corresponding  velocities;  then  since    ^'  ^ 

the  velocity  at  the  end  of  any  time  (Art.  18)  is  proportional 

to  that  time,  the  ordinates  BD,  CE,  &c.,  will  be  to  one  another 

in  the  same  ratio  as  the  times,  ^.  e.  as  AD,  AE,  &c. ;    and 

consequently  the  points  Ay  B,   C,  &c.,  all  lie  on   a  right 

line. 

Again,  let  AD  =  t,  DE  =  At,  BD  =  v;  then  the  space 
described  in  the  infinitely  small  time  At  will  be  represented 
by  vAt,  i.  e.  by  the  area  BDEC;  and  accordingly  the  whole 
space  described  in  the  time  represented  by  AN  will  be  repre- 
sented by  the  sum  of  the  elementary  areas,  BDEC,  &c.,  or 
by  the  whole  area,  APN,  i.  e.  by  ^AN  x  PN,  or  by  ^vt ; 
therefore  s  =  \ff,  as  before. 

If  the  point  be  supposed  to  start  with  an  initial  velocity 
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fo,  the  student  will  find  no  difficulty  in  supplying  the  corre- 
sponding construction. 

19.  Relation  between  Velocity  and  Space. — If  we 

eliminate  t  between  equations  (3)  and  (4),  we  get 

V'  =  V,'  ±  2A  (5) 

in  which  the  upper  or  lower  sign  is  taken  according  as  the 
acceleration  is  in  the  direction  of  the  motion  or  in  the  oppo- 
site direction. 

We  shall  resume  the  consideration  of  these  equations 
when  we  come  to  the  investigation  of  the  motion  of  a  body 
under  the  action  of  a  constant  force. 

20.  Algebraic  Expression  for  an  Acceleration. — 
In  the  case  of  a  point  moving  with  a  uniform  acceleration, 
let  V  represent  the  velocity  at  the  end  of  the  time  t,  and  / 
that  at  the  time  f',  then  by  (IJ  we  have 

and  hence  /  =  7 — r. 

Moreover,  since  this  result  holds,  however  small  the  in- 
terval of  time  represented  by  ^'  -  ^  may  be,  we  have,  as  in 
Art  4, 

^~  dt'  '  "fi'^J      ^^^ 

21.  Variable  Acceleration. — In  the  case  of  the  motion 
of  a  point  in  a  right  line,  if  the  acceleration  is  not  uniform,  but 
varies  continuously  according  to  any  law,  we  plainly  (as  in 
Art.  5)  may  suppose  that  the  motion  is  uniformly  accelerated 
during  an  infinitely  small  time  dt ;  or  (wliich  is  the  same 
thing)  that  the  acceleration  at  any  instant  is  measured  by 
what  the  increase  of  velocity  in  a  unit  of  time  would  have  been 
if  its  rate  of  increase  had  been  uniform  during  that  ti?ne,  and  the 
same  as  that  at  the  instant  in  question.  Hence  the  accelera- 
tion at  any  instant  is  defined  as  the  rate  of  change  of  the  velo- 
city at  that  instant,  and  is  measured  in  all  cases  by  the  ratio 
of  the  increment  of  the  velocity  at  the  instant  to  the  incre- 
ment of  the  time. 
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Accordingly  we  have,  whether  the  acceleration  be  uniform 
or  variable,  the  relations 

.     dv     cPs 

These  are  expressed  in  Newton's  notation  in  the  form 

All  these  results  apply  equally  to  the  case  of  retardation 
of  motion,  which  is  always  to  be  regarded  as  a  negative  acce- 
leration. 

s/22.  Oeometrical  Representation  of  an  Accelera- 
tion.— From  the  preceding  it  appears  that  the  acceleration 
of  the  motion  of  a  point,  whether  it  be  uniform  or  variable, 
is  in  all  cases  measured  by  a  velocity.  Hence  it  can  be  re- 
presented, both  in  magnitude  and  direction,  by  a  right  line,  in 
the  same  manner  as  velocity  (Art.  7). 

Hence,  also,  we  may  regard  a  point  as  receiving  two  or 
more  simultaneous  accelerations  of  motion,  and  can  deter- 
mine the  resultant  acceleration  by  a  geometrical  construction, 
as  in  Arts.  10  and  11. 

Consequently,  accelerations  are  compounded  and  resolved 
according  to  the  same  laws  as  velocities. 

23.  Component  Accelerations  Parallel  to  Fixed 
Axes. — If  X,  y,  z  denote  the  coordinates  relative  to  a  fixed 
rectangular  system  of  axes,  of  the  position  of  a  moving 
point  at  the  end  of  the  time  t ;  then,  as  in  Art.  12,  its  com- 
ponent velocities  parallel  to  the  axes  of  coordinates  are  re- 

.    ^  ^      dx      dy      dz  ... 

presented  by—,    — ,     — ,  respectively. 
(It      (it      (It 

Hence,  since  the  acceleration  of  motion  in  any  direction 

is  measured  by  the  rate  of  change  of  the  velocity  in  that 

direction,  we  have  for  the  accelerations  parallel  to  the  axes 

of  coordinates  the  expressions 


or 


r-z 

(7) 


dt  ' 

dt  ' 

dt    ' 

d'x 

dt'' 

..      d'y 

..      d'z 
'  =  (if- 
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where,  in  accordance  with  Newton's  notation,  x,  y,  z  denote 
the  accelerations  parallel  to  the  axes  of  x,  y,  z,  respectively. 
The  total  acceleration  of  the  motion  of  the  point  is  the 
resultant  of  these  accelerations. 

It  is  plain  that  this  acceleration  is  independent  of  any 
previously  existing  velocity,  which  may  or  may  not  be  in  the 
same  direction. 

The  question  of  acceleration  in  curvilinear  motion  can 
also  be  treated  in  another  manner,  as  follows : — 

24.  Curvilinear  Motion,  Change  of  Velocity, 
Total  Acceleration.  — Suppose  a  point  to  move  in  a 
curvilinear  path,  and  from  any  point  0  let  the  line  OA 
be  drawn,  representing  in  magnitude  and  direction  the 
Telocity  of  the  moving  point  at  any  q  b 
instant.  Let  OB,  in  like  manner, 
represent  its  velocity  ^,at  the  end 
of  the  interval  of  time  A^.  Join 
AB,  and  complete  the  parallelo-  "  ^ 
gram  OABC,  Then  the  velocity  represented  by  OB  is  equi- 
valent to  the  component  velocities  represented  by  OA  and 
0(7;  but  if  the  velocity  of  the  point  had  not  changed  during 
the  interval  A^,  it  would  have  been  represented  by  OA',  hence 
OC,  or  AB,  represents  in  magnitude  and  direction  the  change  of 
velocity  in  the  time  M. 

Again,  since  the  acceleration  of  the  velocity  of  a  mov- 
able, at  any  instant  is,  in  all  cases,  measured  by  the  rate  of  ^f 
change  of  the  velocity  for  that  instant,  it  follows,  as  in  (5),  that    "( 
if  we  regard  the  interval  of  time  A^  as  becoming  infinitely     "^ 
small,  the  acceleration  of  the  motion  is  represented  by  the 

AB 

limiting  value  of  -— .     This  limiting  value  is  called  the  total 

acceleration  of  the  motion  of  the  particle  at  the  instant. 

25.  Tangential     and     UTormal     Accelerations. — 

Again,  suppose  a  to  denote  the  position  of  the  moving  point 
at  the  end  of  the  time  t,  and  h  its  position  after  a  small 
interval  of  time,  A^,  and  draw  tangents  to  the  path  at  the 
points  a  and  h.  Also,  as  before,  from  any  point  0  draw  OA, 
OB  parallel  to  these  tangents,  and  representing  the  velocities 

c 
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at  a  and  h,  respectively.     Then,  by  the  preceding  Article, 
AB  represents  the  total  change 
in  the  velocity  in  the  interval 
M, 

Draw  AN  perpendicular  to 
OB,  and  suppose  the  velocity 
AB  resolved  into  the  two,  AN 
and  BN',  then,  the  former  re- 
presents the  resulting  change  of 
velocity  in  the  normal  direction, 
and  the  latter  in  the  tangential. 

The  corresponding  accelerations  are  represented  by  the 

AN         BN 
limiting  values  of  — —  and  — — ,  respectively. 

Again,  let  the  angle  BOA,  or  the  angle  between  the 
tangents  at  a  and  b,  when  indefinitely  small,  be  denoted  by 
d<p,  and  we  have 

AN  =  OAd^  =  vdf. 


The  normal  acceleration  is  therefore 


Cl(b 

"It' 


d<h  ds       ,  d(b 

=  ^^  -J. 

ds  dt         ds 


{Biff,  Calc.,A.ii.22Q),     (8) 


where  p  represents  the  radius  of  curvature  of  the  path  at  the 
point  a. 


Also  in  the  limit  we  have  — ;-  =  --. 

A/       dt 

dv 


Hence  the  tan- 


gential acceleration  is  represented  by  —  ;   as  is  also  easily 

dt 

seen  from  equation  (6). 

In  the  case  of  uniform  motion  in  a  circle,  since  the  velo- 
city V  is  constant,  the  tangential  acceleration  vanishes,  and 
the  normal  acceleration  (which  then  becomes  the  total  accele- 

ration)  is-,  or  -tj^,  where  r  denotes  the  radius  of  the  circle 

and  T  the  time  in  which  the  circle  is  described. 

The  normal  acceleration  in  this  case  is  called  the  centri- 
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petal  acceleration^  as  it  is  constantly  directed  towards  the 
centre  of  the  circle. 

26.  Hodograph.* — In  accordance  with  the  method  of 
the  preceding  Articles,  if  from  any  point  0, lines  OA,  OB, 
OG,  &c.,  be  drawn  representing,  in  magnitude  and  direction, 
the  velocities  at  the  points  a,  b,  c,  &c.,  taken  consecutively  in 
the  path  of  a  particle,  then  the  system  of  points  A,B,C,  &c., 
will  lie  on  a  new  curve  called  the  hodograph  of  the  original 
■curve,  which  is  considered  to  be  described  by  the  point  A  as 
^  moves  along  the  given  curve. 

Since  the  lines  AB,  BC,  &c.,  become  ultimately  tangents 
to  the  hodograph,  it  follows  that  the  direction  of  the  total 
^acceleration  at  any  point  a  is  parallel  to  the  tangent  to  the 
hodograph  at  the  corresponding  point  A, 

Also,  since  the  total  acceleration  is  measured  by   the 

AB 

limiting  value  of  -— ,  it  follows  that  the  total  acceleration^ 

■at  any  point  a,  is  represented  by  the  velocity  at  the  point  A  in 
the  hodograph. 

We  shall  give  some  applications  of  this  method  subse- 
quently, more  especially  in  connexion  with  the  treatment  of 
Central  Forces. 

27.  Angular  Telocity,  Angular  Acceleration. — If 
the  position  of  a  point  P  moving  in  a  plane  be  taken  in  polar 
coordinates,  r  and  0,  with  reference  to  a  fixed  origin  0,  then 
the  rate  of  increase  of  the  angle  0  is  called  the  angular  velo- 
city of  P  relative  to  the  fixed  point  0.  Hence,  if  w  denote 
the  angnlar  velocity  at  any  instant, 

we  havey<ir=  ~t7  ="  0. 

Again,  if  P  move  along   OA, 

dr 
its  velocity  is  represented  hy  —  ;  if 

it  move  perpendicular  to  OA,  its  velocity  is  r  — ■,   or  rw. 

at 


*  Sir  W.  E,.  Hamilton,  to  whom  this  method  is  due,  employed  this  name 
{b^lv  ypdipeiv)  {Proceedings,  R.  I.  A.,  1846,  p.  344)  in  his  discussion  of  the 
connexion  hetween  acceleration  and  motion.  The  hodograph  is  called  the 
curve  of  accelerations  by  French  writers  on  Mechanics. 

c2 
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Hence  we  easily  see  that  the  most  general  motion  in  the 
plane  is  one  compounded  of  a  radial  velocity  — ,  along  with 

a  perpendicular  velocity  r  — -. 

If  OP  revolve  uniformly,  completing  its  revolution  in  T 
seconds,  then  its  angular  velocity,  in  circular  measure,  is 
obviously  given  by  the  equation 

<-  =  |.  (9) 

1        Suppose  OA  taken  equal  to  the  unit  of  length,  then  the 
!  velocity  of  the  point  A,  in  its  circular  path,  represents  the 

angular  velocity  of  the  line  OP. 

Again,  if  the  angular  velocity  of  P  be  variable,  its  rate  of 

increase  is  called  its  angular  acceleration  ;  hence  the  angular 

acceleration  of  P  with  regard  to  0  is  represented  by  —  or 
If  X  and  y  be  the  coordinates  of  P,  we^have 
X  =  r  cos  0,     y  =  r  sin  Q ; 
consequently,  when  r  is  constant,  we  get 
(^  =  -  rw  sin  0  =  -  wy 


.  r  (10) 

y  =     ru)  QO^i)  =      wx  )  ^     ^ 

These  give  the  components  of  velocity  of  any  point  which 
moves  in  a  circle,  in  terms  of  the  coordinates  and  the  angular 
velocity. 

28^  Accelerations  along  and  perpendicular  to  tbe 
Radius  Tector. — Let  x,  y  be  the  rectangular  coordinates 
of  the  moving  point  P,  and  r,  0  the  corresponding  polar 
coordinates,  at  the  end  of  the  time  t ;  then  x  and  y  (Art. 
23)  represent  the  accelerations  parallel  to  the  axes ;  hence, 
by  Art.  22,  the  acceleration,  P,  along  the  radius  vector  is 

.«        /.      ...     «         XX  +  yy  -^' 

X  G0s6  +  y  sm  c/,  or ;  ^ 
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and  the  acceleration,  T,  perpendicular  to  the  radius  vector  is 

y  cos  0  -  ^  sin  0  =  ^^^LZll,  \ 
r 

To  find  expressions  for  these  accelerations  in  terms  of  r 
and  0,  we  have 

XX  ■\-  yy  -  rr\ 


hence 

XX  ^  yy  ■\-  x^  \  if  =  rr  +  P 

but 

f  x^  +  f  =  r'  +  r'5^ ;    - 

accordingly, 

xx  +  yy  ■\-  r'^h^  =  rr; 

therefore 

*'-^  +  w^?  ^g._ 

Also  xy  -y'^  =  j^  {^y  -  y^)  =  ^  (^'S)- 

Consequently,  the  acceleration  along  the  radius  vector  is 
And  that  perpendicular  to  the  radius  vector  is 

If  the   acceleration   of  the   moving   particle  be  always 
directed  to  the  fixed  point  0,  we  have  2"=  0,  and  hence 

r"^  -rr  =  constant :  from  which  we  infer  that  the  radius  vector 
dt 

•describes  equal  areas  in  equal  times  round  the  point  0. 

Equations  (11)  and  (12)  above  can  otherwise  be  obtained 

with  great  facility  by  a  method  analogous  to  that  employed 

in  Art.  25. 

29.    Areal    Velocity,    Areal    Acceleration.  — It   is 

obvious,  geometrically,  that  rdd  represent  double  the  area 
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described   by   tbe  line   OP  in  the  time   dt ;    consequently 

r'dd 

-TT  represents  the  rate  of  increase  of  double  the  area  de- 


IT 


scribed  by  the  point  P  round  the  point  0.  Hence  ^ 
is  called  the  areal  velocity  of  the  point  P  relative  to  the 
origin  0.  Similarly  i -T^y  -ii]  represents  the  areal  accele- 
ration of  P  relative  to  the  same  origin. 

30.  moving  Axes. — In  some  cases  it  is  necessary  to- 
refer  the  motion  of  a  point  in  a  y 
plane  to  rectangular  axes,  which 
are  themselves  in  motion.  Thus 
let  OX,  OF  be  two  fixed  rect- 
angular axes  in  the  plane,  and 
OJf,  ON  be  two  moving  axes. 

Let  P  be  any  point  in  the  plane ; 
then  ^  =  OIT,  r\  =  OiV,  where  I  and  r) 
are  the  coordinates  of  P,  relative  to  the  moving  axes. 

rif) 

Also,  if  0  =  z  XOM,  we  have  w  =  — ,  the  angular  velocity 

ut 

of  the  moving  axes.     Then  the  motion  of  P  is  got  by  com- 
pounding the  motions  of  M  and  iV. 

Now,  by  Art.  27,  the  components  of  the  velocity  of  M  are 

—  along  OMj  and  w?  along  MP.    Likewise,  the  components 

for  JV  are  -j  along  OiV,  and  -  wrj  along  NP. 
do 

Hence,  if  u  and  v  denote  the  components  of  the  velocity 

of  P,  relative  to  the  moving  axes,  we  have 


dt 
dt] 
Jt 


'"^-dt-"^'' 


+  li 


(13) 


Again,  by  Art.  28,  the  acceleration  of  M  along  OM  is 
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-jj^  -  w'S,  and  tliat  along  MP  is  p  —  [lo^^) ;  with  similar  ex- 
uv  c,  at 

pressions  for  the  accelerations  of  N. 

Hence,  finally,  we  get 

(P^  1  d 

acceleration  parallel  to  0M=  -^  -  w^S  ~  nTl  (^^'^) '' 

at  ^  at 

acceleration  parallel  to  0N=  —^  -  la^y]  -^  -^-f.  (w^^). 


(14) 


31.  Cnits  of  Time  and  iSpace. — With  respect  to  the 
units  of  time  and  space,  as  well  as  of  all  other  quantities,  it 
should  he  remarked  that  the  units  assumed  must  in  all  cases 
he  finite  magnitudes.  For  instance,  the  unit  of  time  may  he 
taken  as  a  second,  an  hour,  a  day,  or  any  other  finite  interval 
of  time,  but  it  should  never  be  assumed  to  be  an  indefinitely 
small  portion  of  time ;  for  if  so,  numbers  which  represent 
finite  intervals  of  time  become  infinitely  great,  and  accord- 
ingly arguments  based  on  such  an  assumption  become  illusory 
and  unmeaning  when  applied  to  finite  intervals  of  time. 
This  remark  is  requisite,  as  fallacious  proofs  are  sometimes 
given  in  books  on  dynamics  from  overlooking  this  obvious 
principle. 

The  unit  of  time  most  universally  adopted  is  a  second,  as 
already  stated.  Different  units  of  length  prevail  in  different 
countries.  Since  in  this  country  the  foot  is  the  standard  of 
length,  and  areas  and  volumes  are  each  referred  to  units  of 
their  own,  we  shall  sometimes  employ  such  units  for  the 
purpose  of  illustrating  mechanical  principles  by  familiar 
examples.  But,  when  desirable,  we  shall  avail  ourselves  of 
the  metric  system.  In  it  the  unit  of  length  is  a  metre 
(3-2809  feet,  or  39-37079  inches).  From  this,  by  the  simple 
processes  of  squaring  and  cubing,  units  of  area  and  volume 
are  derived ;  and  decimal  multiples  and  submultiples  are 
respectively  indicated  by  the  use  of  Grreek  and  Latin  pre- 
fixes. For  example,  the  centimetre  is  the  hundredth  part 
of  the  length  of  a  metre.  Again,  one  cubic  decimetre  is 
the  measure  of  capacity  called  a  litre,  and  is  about  61  cubic 
inches,  or  1*76  pints.  We  shall  subsequently  see  that  a 
cubic  centimetre  of  distilled  water  at  its  greatest  density 
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furnislies  this  system  with  another  unit :  to  this  the  name 
gramme  is  applied.  One  thousand  grammes  are  called  a 
kilogramme,  equivalent  to  about  two  and  one-fifth  pounds 
avoirdupois. 

It  should  also  be  observed  that  in  the  numerical  expres- 
sion for  an  acceleration  there  is  a  double  reference  to  the 
unit  of  time;  so  that,  in  strict  accuracy,  what  we  have  called 
an  acceleration  of  7  feet  per  second  should  be  called  an 
acceleration  of  7  feet  per  second  per  second.  This  mode  of 
expression  is,  however,  cumbrous,  and  quite  unnecessary, 
since  in  ordinary  language,  as  well  as  in  mathematical  de- 
ductions, it  is  assumed  that  velocities  and  their  rates  of 
change  are  referred  to  the  same  unit  of  time,  unless  the 
contrary  be  stated. 


First  Law  of  Motion,  26 


CHAPTER    III. 

LAWS   OF    MOTION. 

Section  I. — Rectilinear  Motion. 

32.  Motion  in  relation  to  Force. — In  the  preceding 
Chapters  motion  has  been  considered  from  a  purely  kine- 
matical  point  of  view ;  we  now  proceed  to  consider  it  in 
connexion  with  the  force  or  forces  by  which  it  is  produced. 

The  science  of  Rational  Dynamics  is  usually  founded  on 
three  principles,  or  Laws  of  Motion,  which  have  been  stated 
in  their  simplest  form  by  Newton,  and  are  fully  verified  by 
their  agreement  with  experience.  In  the  present  Chapter  it 
is  proposed  to  discuss  and  illustrate  various  cases  of  applica- 
tion of  these  Laws,  chiefly  when  the  forces  supposed  to  act 
are  constant  both  in  direction  and  magnitude.  The  discus- 
sion of  motion  produced  by  varying  force  will  be  dealt  with 
subsequently.  We  follow  Newton's  method,  commencing 
with  the  statement  of  his  First  Law. 

33.  First  Ta&w  of  Motion. — A  body  conthmes  in  its 
state  of  rest,  or  of  straight  uniform  motion,  except  in  so  far  as  it 
is  compelled  to  alter  that  state  by  impressed  force. 

This  law  asserts  that  a  body  has  no  power  or  tendency  in 
itself  to  alter  either  its  velocity  or  the  direction  of  its  motion : 
this  is  usually  called  the  LasLDf  Inertia,  of  .Master. 

Hence,  if  a  body  be  conceived  to  be  set  in  motion,  and  no 
external  force  act  upon  it  afterwards,  it  should  continue  to 
move  indefinitely  in  a  right  line  with  a  uniform  velocity. 

Conversely,  if  a  body  be  in  a  state  of  uniform  rectilinear 
motion,  we  infer  that  the  forces  which  act  on  it  are  in  equili- 
brium. For  example,  if  a  train  be  in  a  state  of  uniform  motion 
on  a  horizontal  railway,  we  infer  that  the  force  arising  from 
the  action  of  the  steam  is  exactly  equal,  and  opposite  to,  the 
entire  resistance  arising  from  friction  and  resistance  of  the 
air. 
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Hence,  all  questions  of  tmiform  rectilinear  motion  may  he 
regarded  as  problems  of  equilibrium,  and  treated  by  the  principles 
arrived  at  in  Statics.  In  all  applications  of  the  Laws  of  Motion 
to  a  body  of  finite  dimensions,  the  only  motion  considered  in 
this  Chapter  is  one  of  pure  translation. 

Again,  if  the  motion  of  a  body  be  not  uniform,  or  not 
rectilinear,  we  infer  that  it  must  be  acted  on  by  some  ex- 
ternal force  or  forces.  The  connexion  between  the  motion 
produced  and  the  force  which  produces  it  is  contained  under 
the  next  Law. 

Example. 

A  railway  train  is  moving  with  constant  velocity  along  a  horizontal  rail- 
road. The  resistance  from  friction,  &c.,  for  each  carriage  is  one -hundredth 
part  of  the  pressure.  Find  the  tension  of  the  couplings  of  the  last  carriage,  if 
its  weight  he  four  tons. 

In  this  case,  since  the  motion  is  uniform,  the  tension  of  the  couplings  must 
be  equal  to  the  resistance  to  be  overcome,  or  to  the  one -hundredth  part  of  four 
tons,  i.e.  89f  lbs. 

34.  l§econd  ]jai¥  of  Motion. — Change  of  motion*  is 
proportional  to  the  impressed  motive  force,  and  takes  place  in  the 
right  line  in  which  that  force  is  impressed. 

As-  this  statement  is  very  comprehensive,  it  will  be  neces- 
sary to  dwell  on  it  with  some  detail,  commencing  with  the 
case  of  a  body  under  the  influence  of  a  force  which  acts  uni- 
formly and  in  the  same  right  line  during  the  motion.  The 
body  is  supposed,  in  the  first  instance,  to  start  from  rest,  and 
the  direction  of  the  force  to  pass  constantly  through  its  centre  of 
mass,  in  which  case  the  motion  is  one  of  translationf  solely. 


*  For  the  present  we  shall  consider  that  it  is  one  and  the  same  body  which  is 
acted  on  by  forces  passing  through  its  centre  of  mass,  in  which  case  the  force 
varies  directly  as  the  velocity  generated  in  the  unit  of  time.  We  shall  subse- 
quently treat  of  the  case  where  the  mass  acted  on  varies  also.  In  that  case,  by 
the  word  "motus,"  here  translated  motion,  we  must  understand  quantity  of 
motion. 

t  A  force  applied  at  the  centre  of  mass  of  a  rigid  body  is  equivalent  to 
an  indefinite  number  of  equal  and  parallel  forces  applied  to  the  several  equal 
particles  of  which  the  body  is  conceived  to  be  constituted  ;  but  as  the  forces  are 
equal,  and  the  masses  moved  by  each  are  equal,  the  velocities  generated,  in  the 
same  time,  are  also  equal :  hence  the  motion  of  the  entire  body  is  one  of  pure 
translation.  The  simplest  case  of  this  is  that  of  bodies  f  uDing  under  the  action 
of  the  force  of  gravity. 
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35.  Velocity  Generated. — Suppose  a  force  to  act  uni- 
formly  on  a  body,  and  let /denote  the  velocity  generated  at 
the  end  of  the  first  second  (taken  as  the  unit  of  time),  then 
during  the  next  second,  in  accordance  with  our  law,  the  uni- 
form force  will  generate  an  additional  velocity  of  the  same 
amount/;  and  in  each  successive  second  the  force  generates 
the  same  additional  velocity ;  consequently  the  motion  is  in 
this  case  uniformly  accelerated,  and  the  velocity  at  the  end  of 
t  seconds  (Art.  17)  is  given  by  the  equation 

v=fL 

Again,  if  the  body  be  supposed  to  start  with  the  velocity 
Vn  in  the  direction  in  which  the  force  acts,  we  shall  have  for 
the  velocity  v,  at  the  end  of  the  time  t, 

V  =  Vo  +A  (1) 

as  in  Art.  17. 

If  the  force  act  in  a  dii-ection  opposite  to  that  of  the 
motion  it  is  called  a  retarding  force ;  which,  if  uniform,  will 
diminish  the  velocity  by  the  quantity  /  during  each  second,. 
and  we  shall  have,  as  before,  the  equation 

[  V  =  Vo  -ft. 

The  student  should  bear  in  mind  that  /  in  all  cases  is 
measured  by  the  mlocity  generated  or  destroyed  in  th^  movable 
in  each  second  during  the  motion  ;  f  consequently  ^liay  always 
be  regarded  as  an  acceleration — a  retardation  being  considered 
as  a  negative  acceleration. 

It  may  be  observed  that  the  entire  reasoning  in  this 
Article  depends  on  the  following  principle — contained  in  the 
Second  Law  of  Motion — that  the  change  of  velocity  produced 
by  a  force  in  any  time  is  independent  of  the  previous  velocity  of 
the  movable. 

The  Second  Law  of  Motion  equally  applies  to  the  case  of 
a  body  acted  on  by  any  number  of  forces,  in  which  case  it  may 
be  stated  as  follows  : — 

If  any  number  of  forces  act  simultaneously  on  a  body,  theny 
during  any  instant,  each  force  produces  the  same  change  of  motion 
in  its  own  direction  as  if  it  had  acted  singly  on  the  body. 

Erom  this  it  follows  that  forces  are  compounded  in  the 
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same  manner  as  velocities.  The  law  of  the  composition  of 
forces  was  thus  established  by  Newton — Leges  Mottts,  Oor.  2. 

36.  iSpace  described  in  any  Time. — Since  we  have 
seen  that  in  the  case  of  a  uniform  force  the  velocity  is  uni- 
formly accelerated  or  retarded,  we  can  at  once  apply  the  re- 
sults already  arrived  at  in  Arts.  18,  19. 

Hence,  the  space  described  from  rest,  in  the  time  t,  is 
given  by  the  formula 

s  =  ift\  (2) 

If  the  body  start  with  an  initial  velocity  Vo  along  the 
line  in  which  the  force  acts,  we  shall  have 

s  =  Vot±  ift\  (3) 

in  which  the  upper  or  lower  sign  is  taken  according  as  the 
uniform  force  acts  in  the  same  or  the  opposite  direction  to 
that  of  the  initial  velocity. 

It  is  plain  that  the  space  described  in  the  first  second 
from  rest  is  J  /,  or  half  the  velocity/  acquired  at  the  end  of  the 
second;  and,  in  general,  the  space  described  in  any  time  from 
rest  is  half  of  that  described  by  a  body  moving  uniformly 
with  the  velocity  acquired  at  the  end  of  the  time. 

37.  Relation  between  Velocity  and  l§pace  de- 
scribed.— If  the  body  start  from  rest,  by  eliminating  t 
between  the  equations  v  =ft  and  s  =  ^ft^^  we  get 

v'-2fs', 

and,  more  generally,  if  Vo  be  the  initial  velocity, 

v'=^Vo'±2fs.  (4) 

From  the  preceding  results  it  is  seen  that  the  question  of 
rectilinear  motion  under  the  action  of  a  constant  force  is  com- 
pletely solved  whenever  the  value  of  the  acceleration  /  can  be 
determined.  In  a  subsequent  Article  we  shall  show  how  this 
can  be  done  in  elementary  cases,  but  before  doing  so  we  pro- 
ceed to  apply  the  preceding  results  to  the  important  case  of 
falling  bodies. 

38.  Vertical  Motion. — In  order  to  get  rid  of  the  re- 
tardation caused  by  the  resistance  of  the  air,  we  shall  sup- 
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pose  tlie  motion  to  take  place  in  a  vacuum.  Under  these 
circumstances  it  is  found  that  all  bodies,  no  matter  what 
their  density  or  chemical  constitution  may  be,  fall  through 
the  same  vertical  height  and  acquire  the  same  velocity  in  the 
same  time.  That  this  is  so  is  best  established  by  means  of 
pendulum  experiments  ;  but  it  can  also  be  tested  by  allowing 
different  bodies  to  fall  in  an  exhausted  receiver.  We  hence 
infer  that  the  attractive  force  of  the  Earth  acts  equally  on 
all  bodies. 

If  g  denote  the  acceleration  due  to  the  force  of  gravity, 
that  is  the  increment  of  velocity  per  second  acquired  by  a  body 
falling  in  a  vacuum,  then,  from  what  has  been  stated,  the 
value  of  g  is  the  same  for  all  bodies  at  the  same  place  on  the 
Earth's  surface. 

Again,  since  at  any  place  the  force  of  gravity  may  be 
assumed  as  a  constant  force  {i.  e.  within  moderate  distances 
from  the  Earth's  surface),  we  may  apply  to  the  case  of  falling 
bodies  the  results  arrived  at  in  the  preceding  Articles  by  sub- 
stituting g  in  place  of/.  Hence,  if  the  body  start  from  rest,, 
we  have 

V  =  gt,     s  =  lgt\     v^  =  2gs.  (5) 

Again,  if  it  start  downwards  with  a  given  vertical  velo- 
city  Vo, 

v  =  Vo  +  gt,    s=v^,t  +  igt\     v''=Vo^  +  2gs.  (6) 

_  If  the  body  be  projected  vertically  upwards  with  a  velocity 
«7o,  gravity  becomes  a  uniformly  retarding  force,  and  we  have 

v  =  Vo-  gt,    s  =  Vot  -  igt\     v^  =  Vo^  -  2gs.  (7) 

To  find  in  this  case  the  height  £[  to  which  the  body 
would  ascend,  we  make  ^  =  0  in  the  last  equation,  and  we  get 

The  time  T  of  ascent  is  given  in  like  manner  by  the 
equation 

T=-.  (9) 

9 
The  subsequent  motion  of  the  body  is  got  from  equations 
(5),  in  which  we  suppose  the  body  to  start  from  rest  at  the 


M 
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height  H.  It  immediately  follows  that  the  times  of  ascent 
and  descent  are  equal,  and  that  the  body  returns  to  its  ori- 
ginal position  with  the  velocity  with  which  it  was  projected 
upwards.  For  this  reason  we  say  that  the  velocity  Vq  is  due  to 
the  height  H;  and  reciprocally,  that  the  height  H  is  due  to 
the  velocity  Vq.  We  shall  meet  frequent  applications  of  these 
expressions. 

As  the  motion  is  supposed  to  take  place  in  a  vacuum,  the 
preceding  results  can  only  be  regarded  as  approximate  for 
motion  in  the  air. 

39.  Variation  of  Crravity. — It  is  found  that  the  value 
of  g  varies,  within  small  limits,  from  place  to  place  on  the 
Earth's  surface.  It  increases  with  the  latitude,  and  when 
referred  to  feet  and  seconds,  has  its  least  value,  32*091,  at 
the  equator,  and  its  greatest,  32-255,  at  the  pole.  It  also 
diminishes  as  the  body  is  raised  above  the  Earth's  surface, 
since  the  attraction  of  the  Earth  varies  as  the  inverse  square 
of  the  distance  from  its  centre.  The  value  of  g  at  London, 
referred  to  the  same  units,  is  32*19,  and  this  may  be  em- 
ployed, in  ordinary  calculations,  as  an  average  value. 

It  will  be  seen  subsequently  that  the  rotation  of  the 
Earth  on  its  axis  has  the  effect  of  diminishing  the  velocity  of 
a  falling  body ;  and,  accordingly,  the  observed  value  of  g  is 
the  difference  between  its  value  arising  from  the  Earth's 
attraction  and  the  component  of  the  centrifugal  acceleration 
in  the  vertical  direction. 

As  a  rough  approximation  we  may  assume  <7  =  32 ;  and, 
when  numerical  results  are  required,  this  may  be  taken  as  its 
value  in  these  and  all  subsequent  examples,  unless  otherwise 
specified,  inasmuch  as  they  are  given  chiefly  for  the  purpose 
of  familiarizing  the  student  with  the  application  of  mechani- 
cal principles. 

Examples. 

1.  Find  tlie  velocity  acquired  in  6  minutes  by  a  falling  body,  assuming 
S  =  32-19.  Ans.  9657  feet. 

2.  In  what  time  will  a  falling  body  acquire  a  velocity  of  400  feet  per  second 
if  it  start  from  rest  ?  Ans.  12*5  sec. 

3.  If  a  body  move  under  the  action  of  a  constant  force,  its  average  velocity 
during  any  time  is  an  arithmetical  mean  between  its  velocities  at  the  commence- 
ment and  the  end  of  that  time  ? 
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4.  If  one  minute  be  taken  as  the  unit  of  time,  what  should  be  taken  as  the 
value  of  ^  ? 

Ans.  The  velocity  per  minute  acquired  in  one  minute  by  a  falling  body,  or 
115,200  feet. 

5.  Two  bodies  start  together  from  rest,  and  move  in  directions  at  right  angles 
to  each  other.  One  moves  uniformly  with  a  velocity  of  3  feet  per  second ;  the 
other  moves  under  the  action  of  a  constant  force :  determine  the  acceleration 
due  to  this  force  if  the  bodies  at  the  end  of  4  seconds  be  20  feet  apart. 

Ans.  2  feet  per  second. 

6.  If  a  uniform  force  generate  in  a  body  a  velocity  of  30  feet  a  second  after 
describing  25  yards,  find  the  acceleration.  Ans.  f=  6. 

7.  A  stone  is  let  fall  from  a  height  into  a  well,  and  is  heard  to  strike  the 
water  after  t  seconds  ;  find  the  depth  of  the  well;  assuming  the  velocity  of  sound 
to  be  F,  and  neglecting  the  resistance  of  the  air. 

The  required  height  h  is  got  by  solving  the  equation 


h       I2h_ 


In  applying  this  equation  practically,  it  may  be  observed  that  —  is,  in  all  cases, 
small  in  comparison  with  t :  accordingly,  if  we  transpose  and  square,  we  get, 
neglecting  —  in  comparison  with  — , 


2(r+yo 

8.  A  person  drops  a  stone  into  a  well,  and  after  three  seconds  hears  it  strike  ^ 
the  water.  If  the  velocity  of  sound  be  1127  feet  per  second,  find  the  depth -ef^y 
the  water.  Ans.  132-68  feet. 

9.  Prove  that  the  spaces  described  by  a  falling  body  in  successive  equal 
intervals  of  time  are  proportional  to  the  series  of  odd  numbers. 

10.  A  body  moves  from  rest  under  the  action  of  a  constant  force  during  four 
seconds,  when  the  force  is  supposed  to  cease  ;  in  the  next  five  seconds  the  body 
describes  200  feet;  find  the  accehn-ation  due  to  the  constant  force — (1)  if  one 
second  ;  (2)  if  one  minute  be  taken  as  the  unit  of  time. 

Am.  (1)  10 ;   (2)  36000. 

11.  A  body  is  projected  upwards  with  any  velocity,  and  t,  t'  denote  the 
times  in  which  it  is  respectively  above  and  below  the  middle  point  of  its  path ; 

find  the  value  of  4.  ^'^*'  "Z^+l- 

12.  Assuming  g  to  be  represented  by  32  when  the  units  of  space  and  time  are 
one  foot  and  one  second;  what  number  would  represent  its  value  if  one  mile  and 
one  day  be  taken  as  the  units  ?  Ans.  4524218lTfV- 

13.  A  ball  is  dropped  from  the  masthead  of  a  ship  sailing  n  miles  an  hour. 
Through  how  many  feet  must  it  have  fallen  when  the  direction  of  its  motion  is 
inclined  at  45"  to  the  horizon  ?  ,       121  «"^ 

^'"-    3600- 
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40.  Acceleration  ITaries  as  Pressui^^. — If  t\-o  sup- 
pose different  forces  to  act  uniformly  during  j^ucil  limes  on 
the  same  body,  it  follows  from  the  Second  Ijaw  of  Motion 
that  the  forces  ivill  be  to  one  another  in  the  same  ratio  as  the 
velocities  generated  in  equal  times. 

If  we  suppose  the  time  of  action  to  be  one  second,  the 
velocities  generated  are  represented  by  the  corresponding 
accelerations  /  and  f\  Also,  if  F,  F'  denote  the  statical* 
measures  of  the  forces,  i.  e.  the  total  pressures  which  they 
are  capable  of  producing,  we  have 

F:r^f:f.  (16) 

If  one  of  the  constant  forces  be  the  attraction  of  the 
Earth,  since  its  statical  measure  is  TF,  or  the  weight  of  the 
body  moved ;  and  since  g  is  the  corresponding  acceleration, 
we  have 

F;W=f:g)  (11) 

F 

hence  -^^W^'  ^^^^ 

This  equation  enables  us  to  determine  the  velocity  generated 
in  one  second  by  a  constant  force  at  any  place  whenever  the 
pressure  F  which  measures  the  force  is  known,  and  also  the 
weight  of  the  body.  We  suppose,  as  stated  already,  that  the 
body  is  rigid,  and  that  the  force  F  acts  through  its  centre  of 
mass.  When  /  has  been  determined  by  the  foregoing  equa- 
tion, and  the  force  continues  to  act  uniformly,  we  may  apply 
the  results  arrived  at  in  the  preceding  Articles  to  determine 
the  subsequent  motion  (see  Art.  37). 

41.  Mass. — Our  ordinary  experience  suggests  to  us  that 
the  amount  of  the  acceleration  produced  in  a  body  by  a  force 
depends,  not  only  on  the  magnitude  of  the  force  but  also  on 
the  body  which  is  moved.  When  exact  experiments  are 
carried  out  it  is  found  that  the  same  force  acting  on  different 


*  The  magnitude  of  a  force  is  estimated  in  Statics  by  the  weight  which  it 
is  just  capable  of  supporting.  Thus,  a  force  which  is  capable  of  supporting  a 
weight  of  112  lbs.  is  called  a  force  of  112  lbs.,  &c. 
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bodies  produces  different  accelerations,  and  that  different 
forces  acting  on  the  same  body  produce  accelerations  pro- 
portional to  the  forces.  Hence  we  conclude  that  the  accelera- 
tion produced  in  the  motion  of  a  body  by  a  force  is  equal  to 
that  force  multiplied  by  a  factor  which  is  invariable  for  the 
same  body,  but  which  varies  for  different  bodies. 

Conversely,  if  F  denote  the  magnitude  of  a  force,  and  / 
that  of  the  acceleration  thereby  produced,  we  have  the  equa- 
tion 

F=mf,  (13) 

where  m  is  always  the  same  for  the  same  body,  but  varies  for 
different  bodies.  This  quantity  m  is  called  the  Mass  of  the 
body,  and  is  estimated,  like  other  quantities,  by  comparing  it 
with  a  standard  quantity  of  the  same  kind.  It  is  found  that 
at  any  fixed  place  on  the  Earth's  surface  the  weight  of  a 
body  (if  permitted  to  accelerate  its  motion)  produces  an  ac- 
celeration which  is  the  same  for  all  bodies  (Art.  38).  Now 
W  being  the  weight  and  g  the  acceleration  thereby  produced, 
we  have  as  above  W=mg]  but  g  is  the  same  for  all  bodies 
at  the  same  place,  hence  W  is  proportional  to  m ;  or,  in  other 
words,  if  there  be  two  bodies  whose  weights  are  W,  W\  and 

whose  masses  are  m,  m\  we  have  -==,  =  —,.     Hence,  in  order 

rv       m 

to  fijid  the  ratio  of  the  masses  of  two  bodies,  we  have  only  to 

find  the  ratio  of  their  weights  at  the  same  place. 


Examples. 

1.  A  uniform  pressure  of  6  lbs.  is  applied  in  a  horizontal  direction  to  a  body 
of  10  lbs.  mass  placed  on  a  smooth  horizontal  table.  Find — (1)  the  velocity  gene- 
rated in  one  second;  (2)  that  acquired  after  describing  500  yards  along  the 
plane.  Ans.  (1)  19^;  (2)  240.^ 

2.  If  a  imiform  pressure  of  3  lbs.  produce  a  velocity  of  10  feet  in  the  first 
second,  find  the  weight  of  the  body  acted  on.  Ans.  9-6  lbs. 

3.  Find  the  pressure  which,  acting  uniformly  during  one  second,  will  gene- 
ite  in  a  bodji  of  one  ton  mass  a  velocity  of  10  miles  per  hour. 

Ans.  9  cwt.  18f  lbs.  pressure. 

4.  If  a  pressure  of  one  ounce  act  uniformly  on  a  body  of  one  pound  mass, 
find  the  velocity  generated  from  rest  in  one  minute.  Ans.  ^g. 

D 


I 
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5.  If  a  uniform  force  generate  in  a  mass  of  10  lbs.  a  velocity  of  30  feet  after 
describing  26  yards,  find  the  statical  measure  of  the  force.  .       60 ,, 

Ans.  — lbs. 
9 

6.  A  pressure  F,  acting  on  a  mass  J!f,  generates  in  it  a  velocity  V,  in  the 
time  T\  find  the  value  of  J^.  .        ^    ,,  T 

Ans.  F=M—. 

7.  A  train  of  100  tons  acquires  on  a  horizontal  railroad  in  four  minutes  a 
velocity  of  30  miles  an  hour ;  find  the  statical  measure  of  the  excess  of  the 
moving  above  the  retarding  pressure,  each  being  assumed  to  be  uniform. 

Ans.  11  cwt.  1  qr.  23^  lbs. 

8.  A  train  of  60  tons  is  impelled  along  a  horizontal  road  by  a  constant 
pressure  of  720  lbs.  Supposing  it  to  start  from  rest,  find  its  velocity  at  the 
end  of  one  minute — (1)  neglecting  friction ;  (2)  assuming  the  resistance  of  friction, 
air,  &c.,  to  be  8  lbs.  per  ton.  Ans.  (1)  -^^g  ;  (2)  -i^^g. 

9.  If  a  uniform  force  of  6  lbs.  produce  in  a  second  a  velocity  of  0-634  feet 
in  a  body,  express  the  quantity  of  matter  in  the  body  in  terms  of  cubic  feet  of 
water,  assuming  the  weight  of  a  cubic  foot  of  water  to  be  62^-  lbs.  and 
^  =  32-19.  ^Ms.  4-87. 

10.  A  mass  of  450  lbs.  is  placed  on  a  perfectly  smooth  table :  a  uniform 
horizontal  pressure  is  exerted  on  it  which  increases  its  velocity  3  feet  in  every 
second ;  find  the  magnitude  of  the  pressure  in  lbs. 

Ans.  41  lbs.,  assuming^  =  32-19. 

42.  Motion  on  a  Smooth  Inclined  Plane. — Let  us 

suppose  a  body,  starting  from  rest,  to  slide  under  the  influence 
of  gravity  down  a  perfectly  smooth  inclined  plane.  Let  i  de- 
note the  inclination  of  the  plane  to  the  horizon,  and  TFthe 
weight  of  the  body.  Eesolve  IF  into  its  components,  TFsin  i 
acting  parallel  to  the  plane,  and  W  cos  i  perpendicular  to  the 
plane.  The  motion  down  the  plane  is  evidently  due  to  the 
former  component,  since  the  latter  only  causes  pressure  on  the 
plane. 

As  the  force  along  the  plane  is  constant  and  acts  in  the 
direction  of  motion,  we  get,  substituting  TFsin  i  for  i^  in  (12), 

f=gmii.  (14) 

Hence,  if  g  sin  i  be  substituted  for  /  in  the  formulae  in 
Arts.  36  and  37,  we  get 

V  =  gt  sin  ^,     s  =  ^gt"^  sin  e,     v^  =  2gs  sin  i.  (15) 

We  assume  that  the  body  slides  without  rolling  along  the 
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plane,  as  otherwise  the  motion  would  not  be  one  of  pure  trans- 
lation. 

43.  Telocity  acquired  in  Unoving  down  an  Inclined 
Plane. — Let  I  represent  AB,  the  length 
of  the  plane,  and  h  its  height  AC\  then 
if  V  be  the  velocity  acquired  on  arriving 
at  By  we  have 

v''=2glsiai  =  2gh.  (16) 

Accordingly,  the  velocity  acquired  at  any  point  in  the  descent  of 
a  body  down  a  smooth  inclined  plane  is  that  due  to  the  vertical 
height  through  which  the  body  has  descended.  This  is  a 
particular  case  of  an  important  principle  which  shall  be 
subsequently  considered. 

44.  Time  of  Descending  a  Cbord  of  a  Vertical 
Circle. — We  next  proceed  to  show  that  the  time  of  de- 
scent down  any  chord  of  a  vertical  circle, 
starting  from  its  highest  point,  is  constant. 

Let  AC  he  the  vertical  diameter  of 
the  circle,  AB  any  chord  drawn  from  A. 

AB 


Join  BC ',  then,  sin^  =  dnBGA  = 


AC 


I 


and,  if  T  be  the  time  of  descent  for  AB,/^^ 
SVG  have,  by  (15), 


AB  =  igT' 


hence 


AB 

AC 


T=2 


'.  r  =  2 


AC 


Jg' 


(17) 


where  a  denotes  the  radius  of  the  circle. 

Hence,  the  time  down  any  chord  such  as  AB  of  this  circle 
is  constant.  It  can  at  once  be  seen,  in  like  manner,  that  the 
time  of  descent  down  BG  has  the  same  value. 

B  45.  liine  of  Q,uickest  Descent  to  a  Circle. — To  find 
the  right  line  down  which  a  particle  under  the  action  of 
gravity  would  descend  in  the  shortest  time  from  a  given 
point  0  to  a  given  vertical  circle. 

d2 
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Draw  AC,  the  vertical  diameter  of  the  circle,  and  join 
0(7,  meeting  the  circle  in  B,  then  OB 
is  the  line  of  quickest  descent  in 
question.  For,  join  AB,  and  pro- 
duce it  to  meet  the  vertical  drawn 
through  0  in  D.  '  Then  it  is  obvious 
that  the  circle  described  on  OB  as 
diameter  touches  the  given  circle  in 
B ;  consequently  the  time  of  descent 
down  OB  being  the  same  as  that 
down  any  other  chord  of  the  circle 
OBB,  drawn  from  0,  is  less  than  the  time  down  any  other 
right  line  drawn  from  0  to  meet  the  circle  ABC. 

The  preceding  method  of  investigation  applies  equally  if 
the  point  0  lie  inside  the  given  circle. 

46.  Liine  of  Quickest  or  lilowest  Descent  to  any 
Curve. — It  is  easily  seen  from  the  preceding  Article  that  the 
determination  of  the  right  line  of  quickest  or  slowest  descent 
to  any  given  vertical  curve  from  any  point  in  its  plane  re- 
duces to  the  problem  of  drawing  a  circle,  touching  the  given 
curve  and  having  the  given  point  for  its  highest  point. 

The  problem  admits  also  of  being  treated  by  the  ordinary 
method  of  maxima  and  minima,  as  follows  : 

Suppose  the  curve  referred  to  polar  co- 
ordinates, the  given  point  0  being  taken  as 
pole,  and  the  vertical  OB  through  it  as 
prime  vector ;  then,  if  t  be  the  time  of  de- 
Bcent  down  any  radius  vector  OP,  we  have 


r  =  igfGosO,  oit 


4 


2r 


g  GOsO 


Accordingly,  the  time  t  is  a  maximum  or  a  minimum  when 

r     . 
ji  IS  a  maximum  or  a  minimum. 

GOSO 

To   find    the    maximum  or  minimum    values,    assume 
f*  ciu 

u  = 7. ;  then  since  tjT;  =  0,  we  have 


COS0 


dO 


dr 


cos  0 -77. +  r  sin  0=0. 
dO 


(18) 
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The  solutions  are  obtained  by  combining  this  equation 
with  that  of  the  curve. 

To  distinguish  between  the  maximum  and  minimum 
solutions,  we  proceed  to  differentiate  the  equation 

cosd-rpi+  r  sm  6 
du  dv 


dd  cos^e 

df 

observing  that,  in  this  case,  cos  0  -^  +  r  sin  0  =  0.   Hence  {Bif, 

du 

Calc,  Art.  138),  t  ia  a.  minimum  or  a  maximum  according  as 

d'r  . 
r  +  -jTTr^  IS  positive  or  negative. 

These  results  can  be  readily  verified  from  geometrical 
considerations. 

Examples. 

1.  If  the  hypotheniise  of  a  right-angled  triangle  be  placed  in  a  vertical  , 
position,  prove  that  the  times  of  descending  from  rest  will  be  the  same  for  each  ^"^ 
of  its  sides. 

_  2.  Prove  that  the  velocity  acquired  down  any  chord,  terminated  at  the  lowest    •"" 
point  of' a  vertical  circle,  is  proportional  to  the  length  of  the  chord. 

3.  If  the  length  of  an  inclined  plane  be  150  yards,  and  its  inclination  30°,  c.--- 
what  velocity  would  a  body  acquire  in  descending  it  ? 

Ans.  40  yards  per  second. 

4.  A  body  slides  down  a  smooth  inclined  plane  of  given  height ;  prove  that , 
the  time  of  descent  varies  as  the  length  of  the  plane. 

5.  Find  the  inclination  of  a  plane,  of  given  length  I,  so  that  the  velocity 
acquired  in  moving  down  it  shall  be  of  a  given  amount  V.       ,        .    .      V^        '•^ 

Ans.  sm  %  =  -— ,. 

6.  Given  the  base  a  of  an  inclined  plane,  find  its  height  so  that  the  hori-     , 
izontal  velocity  acquired  by  descending  it  may  be  the  greatest  possible.  ^ 

Ans.  h  =  a. 

7.  Find  the  gradient  in  a  railway  so  that  a  carriage  descending  the  plane  by 
its  own  weight  may  move  through  one  quarter  of  a  mile  in  the  first  minute ;  and 
find  how  far  the  carriage  will  move  in  the  next  minute,  friction  being  neglected. 

(1)  sin  i=:th  ;     (2)  f  of  a  mile. 

8.  A  body  is  attached  by  a  string  to  a  point  in  a  smooth  inclined  plane,  on 
which  it  rests  :  if  it  be  projected  from  its  position  of  rest  up  the  plane  with  a 
velocity  just  sufficient  to  take  it  to  the  highest  point  to  which  the  string  allows 
it  to  go,  find  the  time  of  its  motion.         /     J 


L 


ion.         /■ 
Ans.  t  =  2    j — ^,  the  length  of  the  string  being?. 
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9.  A  groove  is  cut  in  an  inclined  plane,  making  an  angle  o  with  the  inter- 
section of  the  plane  and  the  horizon.  If  a  heavy  particle  he  allowed  to  descend 
the  groove  (supposed  smooth),  prove  that  its  acceleration  is  g  sin  i  sin  o ;  where 
»  denotes  the  inclination  of  the  plane.  ./ 

10.  If  two  vertical  circles  have  a  common  highest  point,  then  if  any  line  b& 
drawn  from  that  point,  the  time  of  descending  the  portion  intercepted  between 
the  circles  is  constant. 

11.  Find  the  right  line  of  quickest  descent  from  a  point  to  a  given  right 
line  lying  in  the  same  vertical  plane  as  the  point. 

12.  Find  the  right  line  of  quickest  descent  from  a  given  right  line  to  a  given 
vertical  circle. 

13.  Find  the  lines  of  quickest  and  slowest  descent  between  two  vertical 
circles  which  lie  in  the  same  plane. 

14.  A  parabola  whose  latus  rectum  is  p  is  placed  in  a  vertical  plane,  with  its 
axis  horizontal.  Find  the  inclination  of  the  normal  terminated  by  the  axis  down 
which  a  particle  would  descend  in  the  shortest  time,  and  find  the  time  of  its 
descent. 

Ans.  % 

15.  Find  the  latus  rectum  of  a  parabola,  so  that  when  it  is  placed  in  a  ver- 
tical plane  with  its  axis  horizontal  the  least  time  in  which  a  particle  falls  from 
rest  down  a  normal  from  the  curve  to  the  axis  may  be  one  second. 

16.  Prove  that  the  chords  of  quickest  and  slowest  descent  from  the  highest 
or  to  the  lowest  point  of  a  vertical  ellipse  are  at  right  angles  to  each  other,  and 
parallel  to  the  axis  of  the  curve. 

17.  Show  immediately,  from  equation  (18),  that  the  right  line  of  quickest 
descent  from  a  given  point  to  a  given  curve  makes  equal  angles  with  the  nor- 
mal at  its  extremity  and  the  vertical ;  and  verify  the  result  geometrically. 

18.  An  ellipse  is  placed  with  its  major  axis  vertical ;  find  the  semi-diameter 
along  which  a  particle  will  descend  in  the  shortest  time  possible  from  the  cir- 
cumference to  the  centre. 

Ans.  It  makes  with  the  axis  major  the  angle  sec-^(«V'2),  where  e  is  the 
eccentricity,     li  e  <  — ,  the  line  of  quickest  descent  is  the  axis  major, 

19.  An  ellipse  is  placed  with  its  major  axis  vertical ;  find  the  line  of  quickest 
descent  from  the  upper  focus  to  the  curve. 

Ans.  It  makes  with  the  axis  major  the  angle  cos"^  — .     li  e<\,  the  axis 

major  is  the  required  line. 

20.  AB  is  a  quadrant  of  a  circle  whose  centre  is  0,  the  radius  OB 
being  horizontal;  C  is  a  point  on  the  quadrant,  and  the  angle  BOG  =9. 
Show  that  the  time  of  falling  from  ^  to  C  is  to  that  of  falling  from  C  to  -&  as 


Jcos^to^sinf. 
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47.  Path  of  a  Projectile. — We  have  hitherto  considered 
rectilinear  motion  ;  we  now  proceed  to  the  case  of  a  body 
projected  in  any  direction,  and  acted  on  only  by  the  force  of 
gravity,  which  is  supposed  to  be  uniform. 

In  this  case  it  is  easily  shown  that  the  path*  described  by 
the  projectile  is  a  parabola. 

For,  suppose  a  body  projected  from  0  with  the  velocity  F, 
in  the  direction  OX,  and  draw  OY 
vertically  downwards. 

Let  OiVbe  the  space  which  the 
body,  moving  with  the  velocity  V, 
would  describe  in  t  seconds ;  then, 
if  no  force  were  to  act  on  the  body,  m 
N  would  represent  its  position  at 
the  end  of  that  time. 

Again,  as  the  force  of  gravity  acts  in  the  direction  OY,  it 
will  produce  its  effect  in  that  direction,  by  the  Second  Law  of 
Motion,  independently  of  the  previous  velocity  of  the  body : 
i.  e.  it  will  produce  the  same  effect  as  if  the  body  fell  freely 
from  rest.  Measure  off,  accordingly,  OM=\gf\  then  OM 
represents  the  space  moved  through  in  the  vertical  direction 
in  the  time  t. 

Complete  the  parallelogram  OMPN,  and  by  the  combined 
effect  of  the  two  motions  P  will  be  the  position  of  the  projec- 
tile at  the  end  of  the  time  t. 

Let  X,  y  be  the  co-ordinates  of  P  referred  to  the  axes 
OX  and  OP,  and  we  have 

X  =  0N=^  Vty    y=  0M=  igf\ 
If  t  be  eliminated  between  these  equations,  the  equation  of 


the  path  described  is 


2P 


(1) 


*  As  before,  by  the  path,  described  by  a  body  we  understand  the  path  da- 
scribed  by  its  centre  of  mass. 
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This  equation  represents  a  parabola,  touching  OX  and  having 
its  axis  vertical.  ^ . . ',    ,  / '.   , .. ■,  ^ x-h 

If  jffbe  the  height  due  to  the  velocity  F(Art.  38),  the 
equation  of  the  parabola  becomes  '^ 

x''  =  4cHy.  (2) 

48.  Construction  for  Focus  and  Directrix. — From 
the  preceding  equation  it  follows  (Salmon's 
Conic  Sections,  Art.  214)  that  jEf  is  the  dis- 
tance of  0  from  the  focus  of  the  parabola, 
and  also  from  its  directrix. 

Hence,  if  OD  be  measured  vertically 
upwards  equal  to  H,  and  DR  drawn  in  ^ 
a  horizontal  direction,  the  line  DR  will  be 
the  directrix  of  the  parabolic  trajectory. 

Also  if  Oi^be  drawn  through  0,  making  the  angle  XOF 
equal  to  the  angle  XOD,  and  if  we  take  OF  =  OD ;  then  F 
will  be  the  focus  of  the  trajectory. 

Hence,  as  the  focus  and  directrix  of  the  curve  are  known, 
it  is  completely  determined. 

Again,  the  velocity  at  any  point  in  the  trajectory  is  equal 
to  that  which  the  body  would  acquire  in  falling  from  the  direc- 
trix. 

We  have  seen  that  this  property  holds  good  for  the  point 
of  projection :  moreover,  after  passing  through  any  point  the 
body  will  move  in  the  same  path  as  if  it  had  been  projected 
from  that  point,  in  the  direction  and  with  the  velocity  that 
it  has  at  the  instant;  therefore  the  property  is  true  for  any 
point  in  the  path. 

Hence,  whenever  the  velocity  at  any  point  is  given,  the 
position  of  the  directrix  is  completely  determined. 

Definition. — The  angle  which  the  direction  of  projection 
makes  with  the  horizontal  line  is  called  the  angle  of  elevation 
of  the  projectile. 

49.  Horizontal   Range  and  Time  of  Flight. — Let 

B  be  the  point  in  which  the  projectile  strikes  the  horizontal 
plane  through  0;  then  OR  is  called  the  horizontal  range, 
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and  the  time  T  of  describing  the  corresponding  path  is  called 
the  time  of  flight. 

Through  B  draw  i^Q  in  the 
vertical  direction. 

Jjei  OR  =  B,LQOR  =  e\  then 
we  have 

0Q=  VT,  QB  =  igr.=.fi  ^ 
But  QM  =  OQ  sin  e ;  hence  we  get 


I 


T  = 


2rsing 
9 


AlsofiB  =  OQ  cos  e  =  FT  cos  e  =  2  —  sin  e  cos  e ; 


therefore 


Oli=''iS.e.m2e. 


(3) 


(4) 


If  V  be  given,  the  horizontal  ran^e_isjhe^reatest  when 
sin  2e  =  1,  or  g  =  45°. 

~The  ^^aximum^^hoxizmital  range  is  accordingly  2-ff,  or 
double  the  height  due  to  the  velocity  of  projection. 

50.  Range  and  Time  of  Flight   for  an  Oblique 
Plane. — First   suppose   it  an   ascend- 
ing plane,  and  let  i  be  its  inclination, 
and   e  the   angle   of   elevation    QON. 
Then,  as  before,  we  have 

OQ  =  VT,     QR  =  igT\ 
But  in  the  triangle  QOR,  we  have 

QR     sin  {e  -  i) 


hence 


or 


I 


OQ 

cos  i     ' 

sin  (e  - 

i)     gT 

cost 

~2V' 

2Fsin(6-0 

cost 


(5) 
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Also  the  range 


therefore 


COS  I  COS  I 


_,     2  F^  sin  {e  -  i)  cos  e  ,^. 

K  = .  [p) 

g  cos'** 


In  the  case  of  a  descending  plane  it  is  easily  seen  that 
the  range  and  time  of  flight  are  obtained  by  changing  the 
sign  of  i  in  the  preceding  results. 

For  given  values  of  Fand «,  i2  becomes  a  maximum  when 
sin  [e  -  i)  cos  e  is  a  maximum,  or  when 

sin  [2e  -  i)  -  sin  i  is  a  maximum ; 

but  this  is  greatest  when 

26-e  =  90°,     or     6  =  J(90°+i). 

Hence,  the  direction  of  elevation  for  a  maximum  range 
bisects  the  angle  between  the  vertical  and  the  inclined  plane. 

Again,  since  in  this  case  OB  =  JRQ,  the  maximum  range 
and  the  corresponding  time  of  flight  are  connected  by  the 
relation 

From  the  value  of  e  found  above,  it  foUows  immediately 
that  the  focus  of  the  parabola,  in  this  case,  lies  on  the  in- 
clined plane. 

51.  Given  the  mlocity  of  projection  to  find  the  elevation  in 
order  to  strike  a  given  object. — Here,  in  formula  (6),  we  are 
given  F,  -K,  and  ^,  to  find  e.  Hence,  sin  [e  -  i)  cos  e  is  given, 
and  therefore  sin  (2e  -  i)  is  given,  from  which  e  can  be  de- 
termined. 

The  problem  admits  of  a  simple  geometrical  investigation 
also,  as  follows : — 

Let  0  be  the  point  of  projection,  and  P  the  position  of 
the  given  object.  Then,  since  the  velocity  of  projection  is 
given,  the  position  of  the  directrix  HK  is  known. 
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Hence,  with  0  and  P  as  centres,  describe  circles  touching 
the  directrix,  and  let  F,  F'  be  their 
points  of  intersection.  These  points 
are  obviously  the  foci  of  the  two  pa- 
rabolic trajectories  which  satisfy  the 
proposed  conditions.  Hence  the  pro- 
blem admits  in  general  of  two  solu- 
tions. 

The  corresponding  directions  of  projection  are  found  by 
bisecting  the  angles  FOB  and  F'OEy  as  is  obvious  from  the 
elementary  properties  of  the  parabola. 

The  problem  becomes  impossible  when  the  circles  do  not 
intersect. 

The  range  in  the  direction  OP  is  obviously  a  maximum 
when  the  circles  touch  one  another.  In  this  case  there  is  but 
one  solution,  and  the  focus  of  the  parabola  lies  in  the  line  OPy 
as  already  seen. 

52.  Trajectory  referred  to  Vertical  and  Horizon- 
tal Axes. — Suppose  OX  and  OF  to  be  the  horizontal  and 
vertical  lines  drawn  through  the 
point  of  projection  0,  and  let  x,  y 
be  the  coordinates  of  P,  the  posi- 
tion of  the  projectile  at  the  end  of 
any  time  t. 

Let  OQ  be  the  direction  of 
projection,  and  resolve  the  initial 
velocity  V  into  its  horizontal  com- 
ponent, V  cos  e,  and  its  vertical,  V  sin  e.  Then,  since  the 
force  of  gravity  has  no  effect  on  the  horizontal  motion,  the 
component  J^cos  e  remains  constant  during  the  motion  ;  con- 
sequently we  have 

X  =  ON  =  Vt  cos  e. 

Also,  for  the  motion  in  the  vertical  direction,  we  get 
(Art.  38), 

y  =  Vtsine  -  igf ; 

y  =  xiane-,^j^,_^\ 


therefore 


=  X  tan  e 


2F'cos^5 
x' 


4iII(io^^e 


(7) 
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This  equation  represents  a  parabola,  whose  axis  is  vertical, 
as  already  seen. 

Again,  if  v  be  the  velocity  at  the  point  P,  and  0  the  angle 
the  direction  of  motion  makes  with  the  axis  of  x,  we  have 

«?  cos  0  =  Fcos  e,     and     «;  sin  ^  =  Fsin  e  -  gf; 

hence  v^  =  V^  cosine  +  ( Fsin  e  -  gtf 

=  V'-'2g{VtBme-igf) 

^V^-2gy  =  2g[H-y\ 

Hence,  as  already  shown  otherwise,  the  velocity  at  any 
point  is  that  acquired  by  a  body  falling  from  the  directrix. 

53.  Heigbt  of  Ascent. — Since  vertical  and  horizontal 
motions  may  be  considered  separately,  it  follows  that  the 
greatest  height  above  the  horizontal  plane  is  that  to  which 
a  body  projected  vertically  with  the  velocity  V  sin  e  would 
ascend.     This  by  (Art.  38},  is 

F^sin^^  _  .  , 

— ,     or  R^w^e, 

^9 

V  sin  6 

Also,  the  time  of  ascent  is ,  from  the  same  Article : 

9 
a  result  which  can  also  be  obtained  by  finding  the  maxi- 
mum value  of  y  in  equation  (7).  From  these  the  same  ex- 
pressions as  before  for  the  range  and  the  time  of  flight  can 
be  easily  deduced  :  for,  the  whole  time  of  flight  is  obviously 
double  that  of  reaching  the  highest  point ;  and  the  range  is 
got  by  multiplying  the  value  so  found  by  V  cos  e. 

54.  If  PT,  P'T  he  the  tangents  at  two  points  P,  P'  oil  a 
parabolic  trajectory ,  and  v,  v   the  cor-  T 
responding  velocities^  to  prove  that                         y^ 

v:v'=PT:FT.  (8) 

The  line  joining  Tio  the  middle 
point  of  PI*'  is  vertical, 
being  parallel  to  the  axis  of  the  parabola.     Again,  let 


•p' 
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Then,  since  the  horizontal  component  of  the  velocity  at  P 
is  equal  to  that  at  P',  we  have 

V  mi^  =  V  sin j3', 

v_  _  sin^'  _  PT 

v'  ~  sin  /3  "  FT 


or 


Also,  since 


sma 


PT 


FT     sin  a^ 


we  get  «7  sin  a  =  «;'  sin  a'.  (9) 

55.  liemma. — If  0  he  the  angle  Pi) (7  which  a  right  line 
CD  drawn  from  the  vertex  makes  with  the  base  of  a  triangle 
ABC^  we  have 

AB  cot  e  =  BD  cot  A-  AD  cot  P.  (10) 

For,  draw  CN  perpendicular  to  AB,  and  we  have,  by 
elementary  geometry, 

AB,DN=AN.DB-AD.  BN, 

Hence,  dividing  by  CN, 

.T,  DN    J,  J,  AN    jj,  BJSr 
AB.^^BD.—  -AD.—, 


or 


AB  .  cot  0  =  BD  cot  A- AD  cot  P. 


Again,  if  a  and  j3  be  the  angles        e 
which  CD  makes  with  AC  and  BC  respectively,  we  have 
AB  cot  0  =  ^P  cot  a  -  BD  cot  j3. 

This  follows  at  once  by  drawing  AE  parallel  to  BC,  and 
applying  the  preceding  result. 

b6.  Being  given  the  direction  and  the  velocity  of  projection, 
to  find  the  velocity  with  ivhich  a  projectile  ivould  strike  an  oblique 
plane,  and  also  the  direction  of  its  motion  at  the  instant  of 
impact. 

Let  i  be  the  inclination  of  the  plane  to  the  horizon ;  then, 
by  the  preceding  lemma  (see  figure  on  last  pagej, 

cot  a  -  cot  a  =2  tan  ^.  (11) 

Hence,  the  angle  a  is  determined  from  the  known  angles 
a  and  i. 
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in,   since 

,   .      ,             ,            ,      t;  sin  a 

V  sm  a  =  V  sm  a  ,     we    nave    v  —  —■-.  -   ,  > 

sm  a 
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which  determines  v\ 

If  the  projectile  impinge  at  right  angles  on  the  plane,  we 
have  a'=  90°;  therefore  cot  a  =  2  tant,  which  determines  a, 
or  the  corresponding  angle  of  elevation.  Also  the  velocity 
with  which  the  projecticle  strikes  the  plane  is  v  sin  a  in  this 
ca^e. 

57.  Motion  on  a  $»niooth  Inclined  Plane. — In  our 

discussion  of  motion  on  an  inclined  plane  in  Art.  42  the 
movable  was  supposed  to  start  from  rest :  in  this  case  the 
motion  is  rectilinear.  It  is  also  rectilinear  if  the  initial 
motion  has  place  in  the  direction  of  the  line  of  greatest  slope 
in  the  plane.  But  when  the  body  is  projected  along  the  plane 
in  any  other  direction  the  problem  is  the  same  as  that  pre- 
viously discussed,  namely,  the  motion  of  a  projectile  acted  on 
by  a  constant  force,  parallel  to  a  given  direction.  Its  path 
along  the  plane  is,  accordingly,  a  parabola ;  and  its  axis  is 
in  the  direction  of  the  line  of  greatest  slope. 

58.  lHorin's  Apparatus. — We  conclude  with  a  short 
description  of  the  apparatus,  designed  by  Poncelet,  and  con- 
structed by  Morin,  for  experimentally  exhibiting  the  laws  of 
falling  bodies. 

A  cylinder  is  made  by  clock-work  mechanism  to  revolve 
around  a  fixed  vertical  axis.  A  weight  is  suspended  at  the 
summit  of  the  cylinder  close  to  the  outer  surface  and  between 
two  vertical  guides.  When  the  rotation  has  become  perfectly 
uniform,  the  weight  is  allowed  to  fall.  A  pencil,  attached  to 
the  falling  weight,  is  so  arranged  as  to  trace  a  line  on  a  sheet 
of  paper,  which  is  wrapped  tightly  around  the  revolving 
cylinder.  When  the  paper  is  taken  off  and  unrolled  on  a 
plane  surface,  the  curve  traced  on  it  by  the  pencil  is  found 
to  be  a  parabola. 

That  this  curve  is  a  parabola,  may  be  shown  in  the  follow- 
ing manner : — 

Let  GI^P  represent  the  curve  traced  out  by  the  pencil. 
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Draw  the  tangent  GL  to  the  curve  at  the  initial  point  (r, 
and  at  any  point  P  draw  the  tangent  PL,  and  erect  LF 
perpendicular  to  it  at  the  point  L.  Make  a  corresponding 
construction  for  the  other  points  on  the  path ;  then  the  lines 
LF,  L'F,  &c.,  are  all  found  to  intersect  in  a  common  point  F. 
This  is  a  characteristic  property  of  the  parabola  which  has  its 
focus  at  F,  and  its  vertex  at  G, 
Having  found  the  curve  to  be  a  para- 
bola, we  can  show  that  the  motion 
of  the  weight  has  been  uniformly 
accelerated.  Let  FM,  FN  be  the 
coordinates  of  P,  referred  to  the 
axes  GL,  GF,  then  if  t  denote  the 
time    in  which  the  moving  weight 

arrived  at  the  position  P,  the  line  "*  \ 

FM  will  be  equal  to  the  arc  of  the  circle  through  which  a 
point  on  the  circumference  of  the  cylinder  has  rotated  in  the 
time  t.  Let  V  denote  the  constant  velocity  of  any  point  on 
the  circumference  of  the  cylinder,  and  we  get  FM=  Vt, 

Again,  from  the  property  of  the  parabola, 

FJiF^iFGxMG. 
Accordingly, 

^^~^FG~4FG^  ' 

but  MG  is  the  space  through  which  the  weight  has  descended 
vertically  in  the  time  t ;  hence  the  spaces  described  by  the 
falling  body  vary  as  the  squares  of  the  times ;  its  motion 
consequently  is  uniformly  accelerated. 

Comparing  with  the  equation  s  =  J  gf,  we  get  g  =  ■ ; 

that  is,  the  distance  of  the  focus  of  the  parabola  from  its 
summit  is  equal  to  the  height  due  to  the  velocity  of  a  point 
on  the  surface  of  the  rotating  cylinder. 

The  student  can  easily  prove  that  the  parabola  described 
is  the  same  as  that  of  a  body  projected  horizontally  from  a 
point  with  the  velocity  V. 
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59.  In  tlie  preceding  investigations  we  have  neglected  the 
effects  of  the  resistance  of  the  air.  When  this  is  taken  into 
account  the  prohlem  becomes  one  of  great  uncertainty,  arising 
from  the  law  of  resistance  of  fluids  not  being  accurately  known, 
and  from  the  dijEculties  still  remaining  in  the  integration  of 
the  equations  of  motion,  when  the  law  of  resistance  is  assumed. 
The  most  generally  received  theory  is  that  the  resistance  of 
fluids  is  proportional  to  the  square  of  the  relative  velocity  of 
the  fluid  and  the  movable.  When  the  resistance  of  the  air 
is  taken  into  account,  it  is  easily  shown  that  the  preceding 
results  are  not  even  approximate  in  cases  of  high  velocity ; 
such,  for  instance,  as  shot  and  shell  projected  by  artillery. 

Examples. 

*^l.  Determine  the  elevation  of  a  projectile,  so  that  its  horizontal  range  may 
"be  equal  to  the  space  to  be  fallen  through  to  acquire  the  velocity  of  projection. 

Ans.  6=15". 

^  2.  If  a  number  of  particles  be  projected  simultaneously  from  the  same  point 
with  a  common  velocity,  but  in  different  directions,  prove  that  at  any  subse- 
quent instant  they  will  all  be  situated  on  the  surface  of  a  sphere. 

,^  3.  Given  the  horizontal  range  and  the  time  of  flight  of  a  projectile  ;  find  its 
initial  velocity  and  angle  of  elevation. 

^  4.  If  a  body  be  projected  obliquely  on  a  smooth  inclined  plane,  the  path  in 
which  it  moves  will  be  a  parabola.  Find  the  position  of  the  focus  and  directrix 
of  the  parabola  when  the  initial  velocity  and  direction  of  motion  are  given. 

^  5.  Given  the  velocity  with  which  a  shot  is  projected  from  a  certain  point; 
find  the  locus  of  the  extremities  of  the  maximum  ranges  on  inclined  planes  pass- 
ing through  that  point. 

^6.  If  a  body  be  projected  with  a  velocity  of  100  feet  per  second  from  a  height 
of  66  feet  above  the  ground,  in  a  direction  making  an  angle  of  30°  with  the 
horizon  ;  find  when  and  where  it  will  strike  the  ground. 

Ans.  Time  =  4^  sec.     Eange  =  357-23  feet. 

^.  7.  If  A,  B  be  two  points  on  a  parabolic  trajectory;  prove  that  the  time  of 
passage  from  one  to  the  other  is  proportional  to  tan  cp  —  tan  ^' ;  where  <p,  <p' 
represent  the  inclinations  to  the  horizon  of  the  tangents  drawn  at  A  and  B.  .  j 

*  8.  Given  the  initial  velocity,  find  the  angle  of  elevation  that  a  projectile 
should  just  clear  a  wall  at  a  given  distance  from  the  point  of  projection.  Find 
also  the  distance  at  which  the  body  strikes  the  ground  afterwards. 

^  9.  A  piece  of  ordnance,  under  proof  at  Woolwich,  at  a  distance  of  50  yards 
from  a  wall  14  feet  high,  burst,  and  a  fragment  of  it,  originally  in  contact  with 
the  ground,  after  just  grazing  the  wall,  fell  6  feet  beyond  it  on  the  opposite 
side.     Find  how  mgh  it  rose  in  the  air. 
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10.  "When  the  velocity  of  projection  is  given,  all  the  parabolas  which  can  be 
described  in  the  same  plane  by  a  projectile  are  enveloped  by  a  fixed  parabola : 
prove  this,  and  hence  find  the  maximum  range  on  a  given  plane. 

11.  A  body  is  projected  with  a  velocity  of  100  feet,  in  a  direction  inclined  at 
an  angle  of  60°  to  the  horizon  :  find  its  least  velocity  during  the  motion,  and  the 
time  of  attaining  it.  Ans.  50  feet ;  2*7  seconds. 

12.  If  two  bodies  be  projected  simultaneously,  with  a  common  velocity, 
from  the  same  point  on  an  oblique  plane,  one  upwards  and  the  other  downwards, 
and  if  the  directions  of  their  projection  make  equal  angles  with  the  inclined  plane, 
show  that  the  times  of  flight  are  equal.  The  motion  is  supposed  to  take  place 
in  a  plane  perpendicular  to  the  inclined  plane. 

'13.  With  what  velocity  should  a  projectile  be  discharged  at  an  elevation  of 
30°,  so  as  to  strike  an  object  at  a  distance  of  2500  feet  on  an  ascent  of  1  in  40  ? 

^  14.  Find  the  latus  rectum  of  the  parabola  described  by  a  projectile. 

The  velocity  of  the  highest  point  of  the  path  is  V  cos  e,  but  it  is  also  equal  to 
the  velocity  acquiied  in  falling  from  the  directrix ;  therefore  the  latus  rectum 
.    1V^       „ 
is cos^^. 

9 

16.  If  a  body  be  projected  from  the  points  in  the  direction  of  AC,  and  from 
any  point  C  in  the  line  a  vertical  line  CD  be  drawn,  meeting  the  curve  described 
by  the  projectile  in  D  ;  again,  if  B,  the  middle  point  of  AC,  be  joined  to  I),  show 
that  £1)  will  be  the  direction  of  the  motion  at  D,  and  that  the  velocity  at  D  will 
be  to  that  at  A  as  £1)  is  to  AB. 

16.  A  number  of  bodies  slide  from  rest  down  the  chords  of  a  vertical  circle, 
starting  from  its  highest  point,  and  afterwards  move  freely :  prove  that  the  locus 
of  the  foci  of  their  paths  is  a  circle  whose  radius  is  half  that  of  the  given  circle. 

17.  If  bodies  be  projected  from  the  same  point  with  velocities  proportional 
to  the  sines  of  their  elevations,  find  the  locus  of  points  arrived  at  in  a  given 
time. 

18.  Two  bodies  are  projected  simultaneously  in  different  directions  from  the 
same  point,  with  given  velocities :  prove  that  the  line  which  connects  their  posi- 
tions at  each  instant  moves  parallel  to  a  given  direction. 

19.  Two  particles  are  projected  from  a  point  with  equal  velocities,  their 
directions  of  projection  being  in  the  same  vertical  plane — t,  t'  being  the  times 
taken  by  the  particles  to  reach  their  other  common  point,  and  T,  T'  the  times 
of  reaching  their  highest  points.  Show  that  tT  -^-t'T  is  independent  of  the 
directions  of  projection. — Camh.  Trip.,  1876. 

20.  If  two  particles  be  describing  the  same  parabolic  trajectory,  prove  that 
the  right  line  connecting  them  envelopes  an  equal  parabola. — Ibid. 

21.  A  train  is  moving  at  the  rate  of  60  miles  an  hour  when  a  ball  is  dropped 
from  the  roof  inside  one  of  the  carriages.  Prove  that  the  ball  describes  a  para- 
bola in  space,  and  find  the  position  of  the  axis  and  directrix. 

If  the  height  of  the  carriage  be  9  feet,  and  the  ball  rebound  from  the  floor 
without  loss  of  velocity,  describe  by  means  of  a  figure  the  path  of  the  ball  in 
space  so  long  as  the  motion  continues. 

E 
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Section  III. — Friction. 

60.  liRws  of  Dynamical  Friction. — Before  completing- 
our  discussion  of  motion  under  the  action  of  a  constant  force, 
it  is  desirable  to  make  a  few  observations  on  the  resistance, 
arising  from  friction,  which  takes  place  when  one  body  slides 
on  another.  We  shall  consider  only  the  case  of  motion  along 
a  fixed  plane,  and  shall  assume  that  the  roughness  of  the  plane 
is  the  same  throughout.  Under  these  circumstances  the  laws 
of  friction — as  established  by  experiment — may  be  stated  as 
follows : — 

(1).  The  resistance  caused  by  friction  against  the  motion 
of  a  body  sliding  on  a  uniformly  rough  plane  is  proportional 
to  the  normal  pressure  which  the  body  exerts  against  the 
plane. 

(2).  It  is  independent  of  the  amount  of  surface  in  con- 
tact. 

(3).  It  is  independent  of  the  velocity  of  motion. 

(4).  The  ratio  of  the  friction,  during  the  motion,  to 
the  normal  pressure  is  called  the  coefficient  of  Dynamical 
friction. 

(5).  The  friction  between  two  substances  in  motion  is  in 
general  less  than  the  friction  in  the  state  bordering  on  motion, 
or  the  Statical  friction. 

(6).  The  mutual  friction  varies  with  the  nature  of  the 
surfaces  in  contact,  and  can  be  much  diminished  in  amount 
by  the  use  of  unguents,  as  also  by  polishing  the  surfaces  in 
contact. 

The  student  will  observe  that  the  laws  of  Dynamical  fric- 
tion are  in  every  respect  similar  to  those  of  Statical  friction 
(Minchin's  Statics,  Arts.  34-36). 

For  fuller  information  on  the  laws  of  Friction  the  student 
is  referred  to  Jellett's  Theory  of  Friction, 

61.  Motion  on  a  Rough  Horizontal  Plane. — Let  W 

be  the  weight  of  a  body  sliding  on  a  uniformly  rough  hori- 
zontal plane,  and  fx  the  relative  coefficient  of  friction ;  then^ 
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since  in  this  case  the  normal  pressure  is  represented  by  W^  the 
friction  is  ju  TF;  and  since  it  acts  as  a  retarding  force  we  get 
by  Art.  40, 

/=-fFP'  =  i"^.  (1) 

Accordingly,  substituting  -  ^g  for  /  in  the  equations  of 
Arts.  35,  36,  and  37,  we  get 

V  =  V  -fjigt 

v'=V'-2f,gs    I.  (2) 

s  =Vt-ifigt\ 

By  means  of  these  equations  the  motion  is  completely 
determined  whenever  ^,  the  coefficient  jof  friction,  and  V,  the 
initial  velocity,  are  known. 

To  find  when  the  body  is  brought  to  rest  by  the  friction, 
we  make  «;  =  0  in  the  first  of  these  equations,  and  the  required 

V 

number  of  seconds  is  — .     Again,  the  space  moved  over  be- 

fore  the  body  is  brought  to  rest  is  given  by  2iugs  =  F^ 

62.  motion  on  a  Rough  Inclined  Plane. — Suppose 
a  body  of  weight  TF  to  slide  on  a  uniformly  rough  plane,  of 
inclinations;  then  resolving  ]F  into  its  components,  TTcosi 
and  TFsini;  the  former,  TFcose,  represents  the  pressure  on 
the  plane;  and  accordingly  the  friction  is  represented  by 
jixW  cos  i;  and  since  it  acts  against  the  motion,  we  have  for 
the  total  force  producing  motion  down  the  plane  the  expres- 
sion JFsin  i-fi  JFcos  i.  If  this  value  be  substituted  for  F  in 
equation  (12),  Art.  40,  we  get 

f=.g  (sin  i-  JUL  cos  i) .  (3) 

If  (j)  be  the  limiting  angle  of  resistance  for  the  plane,  i.  e, 
if  ju  =  tan0,  the  preceding  formula  becomes 

sm{i-(p) 

•^      ^      G08(p      ' 

for  a  body  sliding  down  the  plane. 

The  corresponding  equations  connecting  velocity,  time, 

e2 
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and  space,  are  liad  by  substitutiog  this  value  for /in  the  for- 
mulae of  Arts.  36  and  37. 

If  the  body  be  projected  up  the  plane,  in  a  direction  at 
right  angles  to  the  intersection  of  the  plane  with  the  horizon, 
the  retarding  force  is  represented  by  l^sin  i  +  ii  Wgos  i  : 
hence  the  value  of /becomes 

/  .     .  .X  sm(i+(b)  ,,. 

/-  -g{&im+fMCOSi)  =  -g  /  ,  (4) 

cos  ^ 

when  we  introduce  for  ju  its  value  tan  0.     The  equations  con- 
necting s,  V,  t  can  be  found  immediately,  as  before. 


Examples. 

1.  A  body  is  projected  with  a  velocity  of  100  feet  per  second  along  a  rough 
horizontal  plane  :  find,  assuming  ij.  =  ^2)  (1)  the  time  in  which  it  is  brought  to 
rest  by  friction ;  (2)  the  whole  space  passed  over. 

Ans.  (1)  37i  seconds;  (2)  625  yards. 

2.  A  body  is  projected  with  a  velocity  of  100  yards  p6r  minute  along  a  rough 
horizontal  plane,  and  is  brought  to  rest  in  10  seconds :  find  the  coefficient  of  fric- 
tion. Ans.  /*  =  -^. 

3.  A  train,  often  tons  weight,  is  impelled  by  steam  along  a  horizontal  railroad 
with  a  constant  pressure  of  630  lbs.    If  the  friction  be  7  lbs.  per  ton,  calculate — 

(1)  the  velocity,  in  miles  per  hour,  after  moving  from  rest  for  one  minute  ;  and 

(2)  the  space  described  in  that  time ;  neglecting  the  resistance  of  the  air,  &c. 

Ans.  (1)  32i^r  miles;  (2)480  yards. 

{b)  If  the  steam  be  shut  off,  find  how  far  the  train  would  run  before  it  is 
brought  to  rest  by  friction.  2  miles  320  yards. 

4.  A  body  projected  with  a  velocity  of  30  feet  is  brought  to  rest  after  sliding 
100  yards  on  a  rough  horizontal  plane  ;  find  the  coefficient  of  friction. 

Ans.  -ii. 

5.  A  body  is  projected  up  a  plane,  of  20  yards  length  and  30°  inclination, 

with  a  velocity  of  50  feet  per  second :  find  the  coefficient  of  friction  that  the  body 

should  just  arrive  at  the  top  of  the  plane.  .  29 

•"  ^  ^  Ans.  fi  =  ■ . 
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6.  Two  masses,  M,  JT,  connected  by  a  string,  slide  down  a  rough  inclined 
plane  in  a  vertical  plane  at  right  angles  to  the  intersection  of  the  former  with 
the  horizon  :  if  the  coefficients  of  friction  be  fi  and  /*',  respectively,  prove  that 

.      .        Ji^fl  +  M'  /J,' 

the  acceleration  down  the  plane  is  a  (sin  i — — -r-—  cos  i). 

M  +  M 

7.  A  body  slides  down  a  rough  roof  and  afterwards  falls  to  the  ground :  find 
the  whole  time  of  motion. 
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8.  Several  bodies  start  from  the  same  point  and  slide  do\m  different  inclined 
planes  of  the  same  roughness  :  find  the  locus  of  their  positions  after  the  lapse  of 
a  given  time.  Find  also  the  locus  of  the  positions  arrived  at  with  a  common 
velocity. 

9.  A  rough  plane  makes  an  angle  of  45'  with  the  horizon ;  a  groove  is  cut  in 
the  plane  making  an  angle  a  with  the  intersection  of  this  plane  and  the  horizon- 
tal plane ;  if  a  heavy  particle  be  allowed  to  descend  the  groove  from  a  given 
height  h  find  the  velocity  with  which  it  reaches  the  horizontal  plane. 


} 


Ans.     pMsina-M). 
sin  a 


10.  A  body  moves  from  rest  down  an  inclined  plane  whose  inclination  is  30°, 
and  limiting  angle  of  resistance  15":  find  the  velocity  acquired  if  the  length  of 
the  plane  be  200  feet. 

Here  v^  =  400^  tan  15°;  therefore  v  =  58*56  feet  per  second. 

11.  A  railway  train  is  moving  up  an  incline  of  1  in  120  with  a  uniform 
velocity.  Find  the  tension  of  the  couplings  of  the  carriage  which  is  attached 
to  the  engine ;  assuming  the  weight  of  the  train  (exclusive  of  the  engine)  to  be 
80  tons,  and  the  friction  8  lbs.  per  ton. 

Ans.  19cwt.  5|lb8. 

12.  In  the  same  case,  if  the  acceleration  of  the  train  be  2  feet  per  second, 
find  the  tension  of  the  couplings. 

/ 
Here  we  must  add  to  the  preceding  W  -,  i.  e.  5  tons  ;  and  the  entire  tension 

is  nearly  6  tons. 

Section  IY. — Momentum, 

63.  Force  measured  by  Q,uaiitity  of  motion  gene- 
rated in  Unit  of  Time. — The  product  of  its  mass  and  the 
velocity  tvhich  a  body  has  at  any  instant  is  called  its  quantity  of 
motion  or  momentum  at  that  instant.  Accordingly  we  con- 
clude, from  equation  (13),  Art.  41,  that  F  varies  as  the 
quantity  of  motion  it  can  generate  in  one  second  (taken  as  the 
unit  of  time),  the  force  being  supposed  to  act  uniformly 
during  that  time. 

Again,  since  the  velocity  {g)  which  gravity  can  produce 
in  one  second  is  the  same  for  all  bodies,  the  quantity  of 
motion  gravity  can  generate  in  one  second  in  a  falling  body 
of  mass  m  is  represented  by  mg ;  hence,  in  this  case,  we  have 

W  =mg', 

in  which  the  units  of  mass  and  weight  are  connected  in  such 
a  manner  that  when  one  is  fixed  the  other  is  also  determined. 
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64.  Absolute  Unit  of  Force. — In  accordance  with 
equation  (13),  Art.  41,  the  unit  of  force  is  defined  as  the  force 
tchichf  acting  uniformly  during  the  unit  of  time  on  a  unit  of  mass, 
produces  a  unit  of  velocity.  This  is  called  by  Gauss  the 
absolute  unit  of  force. 

'  The  most  convenient  unit  of  mass  in  the  British  Isles  is 
the  mass  contained  in  one  standard  pound  avoirdupois. 

Hence,  adopting  as  before  a  second  as  the  unit  of  time, 
and  a  foot  as  the  unit  of  length,  the  absolute  unit  of  force  is 
that  which,  acting  during  one  second,  would  produce  in  a 
standard  pound  mass  a  velocity  of  one  foot  per  second.  This 
unit  of  force  is  sometimes  called  a  poundal.  Hence,  if 
(^r  =  32-19  with  reference  to  the  preceding  units,  the  unit  of 
force  is  33^9  part  of  the  attraction  of  the  earth,  at  London,  on 
a  standard  pound ;  i.  e.  about  half  an  ounce,  approximately. 

In  the  metric  system  the  force  which  in  one  second  would 
generate  a  velocity  of  one  centimetre  per  second  in  a  gramme 
of  matter  is  called  a  dyne.  Hence,  since  1  lb.  =  453*6  grammes, 
and  1  foot  =  30*48  centimetres,  one  poundal  is  approximately 
13825  dynes. 

65.    Oravitation   Units  of  Force    and  mass. — In 

practical  questions  concerning  bodies  on  the  earth's  surface, 
it  is  in  general  more  convenient  to  measure  forces  by  weights, 
and  to  speak  of  a  force  of  so  many  pounds  weight.  In  this 
system  the  unit  of  force  is  the  weight  at  some  definite  place 
(London)  of  the  pound  mass ;  or  of  a  kilogramme  when  the 
metric  system  is  taken.  This  is  called  the  gravitation  or 
statical  measure  of  force  ;  and  since  the  unit  of  force  in  this 
system,  acting  on  one  pound  mass  for  one  second,  produces 
a  velocity  of  32*19  feet  per  second,  we  see  that  this  unit  is 
32-19  times  the  absolute  unit.  Moreover,  since  the  weight 
of  a  body  varies,  within  certain  small  limits  from  place  to 
place  (Art.  38),  when  scientific  accuracy  is  required  we  must 
correct  for  the  change  in  the  value  of  g  due  to  any  difference 
in  altitude  or  latitude  from  those  of  the  place  to  which  the 
standard  was  originally  referred. 

In  practice  this  correction  seldom  requires  to  be  taken 
into  account,  as  the  variation  in  the  value  of  g  is  generally 
too  small  to  affect  the  result  appreciably  (Art.  39). 
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EXA-MPLES. 

1.  An  ounce  being  taken  as  tlie  unit  of  mass,  a  second  as  the  unit  of  time, 
and  an  inch  as  the  unit  of  length,  compare  the  unit  of  force  with  the  weight  of 
one  pound. 

Here  the  unit  of  force  is  that  which  in  one  second  would  generate  a  velocity 

of  one  inch  per  second  in  an  ounce  mass  ;  and  therefore  is  — — — —  pait 

i. 2i    X    lo  X   oZi'Z 
of  the  weight  of  one  pound,  or  1*25  grains. 

2.  Determine  the  unit  of  time  in  order  that  g  may  he  expressed  by  unity 
when  the  foot  is  the  unit  of  length. 

Ans,  -  V2  seconds. 
8 

3.  Find  the  units  of  space  and  time  in  order  tliat  the  acceleration  of  a  body 
falling  in  vacuo,  and  the  velocity  it  acquires  in  one  minute,  may  respectively  be 
the  units  of  acceleration  and  of  velocity. 

66.  Two  Classes  of  Forces. — There  are  two  classes  of 
forces  to  be  considered  in  Dynamics  :  one,  such  as  gravity  and 
those  hitherto  discussed,  which  require  a  finite  time  to  pro- 
duce a  finite  change  of  velocity.  Forces  of  this  class,  when 
uniform,  are,  as  has  been  stated,  measured  by  the  change 
produced  in  one  second  (taken  as  unit  of  time)  in  the  mo- 
mentum of  the  body  acted  on.  There  is  another  class,  called 
ordinarily  impulses,  such  as  blows,  sudden  impacts,  &c.,  which 
act  only  during  a  very  short  time,  but  are  capable  of  pro- 
ducing a  finite  change  of  velocity  in  that  time./ 

These  are  sometimes  called  instantaneous  forces ;  it  is  ne- 
cessary, however,  to  observe  that  force  in  all  cases  requires 
some  time  to  produce  its  effects,  though  that  time  may  be 
exceedingly  small.  In  fact,  we  cannot  conceive  that  a  force 
could  produce  any  change  in  the  velocity  of  a  body  if  its 
time  of  action  were  absolutely  nothing. 

Forces  of  the  former  class  are  frequently  ^iyledi  finite  or 
continuous  forces,  to  distinguish  them  from  the  other  class, 
namely,  impulsive  forces. 

It  should  be  observed  that  whenever  both  impulsive  and 
finite  forces  act  at  the  same  time  on  a  body,  the  latter  may 
in  general  be  neglected  in  determining  the  motion  at  the 
instant;  since  the  effects  produced  by  them,  in  the  time 
during  which  the  impulsive  forces  act,  are  so  small  that  they 
may  be  neglected  in  comparison  with  the  effects  of  the  im- 
pulses. 
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67.  Impulses. — The  measure  of  an  impulse,  i.e.  of  the 
entire  action  of  a  force  of  great  intensity,  which  acts  during 
a  very  short  time,  and  then  ceases,  is  the  wJiole  change  in  the 
quantity  of  motion  which  it  communicates  to  the  hody  on  which 
it  acts. 

We  may  here  observe  that,  if  jP be  the  instantaneous  value 
of  an  impulsive  force,  and  r  the  time  of  action,  the  whole 

impulse  is  represented  by     Fdt,  in  which,  as  already  observed, 

Jo 

r  is  a  very  small  interval  of  time. 

68.  Creneral  Equations  of  JHotion  of  a  Particle. — 

Suppose  that  the  force  F  acts  as  before  in  the  line  of  motion 
of  the  mass  acted  on,  but  that  it  varies  continuously,  then«j^^e 
may  consider  that  in  an  indefinitely  small  portion  of  time'^^Nfc^ 
intensity  is  unaltered.     The  variable  acceleration/,  caused  byi^" 
it,  is  determined  by  the  equation  i^=  t]if:  hence,  as  in  Art.  21, 
we  have  at  any  instant 

dv        d'^s        ..  .^. 

F=mf=mj^  =  m-^^  =  ms.  (3) 

Hitherto  the  motion  has  been  supposed  rectilinear.  In 
the  case  of  curvilinear  motion  the  last  equation  expresses  the 
tangential  component  of  the  force,  and  it  can  be  similarly 
seen  (Art.  25)  that  the  normal  component  is  expressed  by 

m  — .    "We  now  proceed  to  consider  the  motion  of  a  particle 

of  mass  m,  under  the  action  of  any  forces.  If  the  particle  be 
referred  to  a  system  of  rectangular  axes  in  space,  and  x,  y,  z, 
be  the  coordinates  of  its  position  at  any  instant,  i.  e.  at  the 
end  of  the  time  t,  reckoned  from  any  fixed  instant,  the  com- 
ponents of  its  velocity  parallel  to  the  axes  of  coordinates  are 
(Art.  12)  represented  by  x,  ij,  z. 

Eesolve  the  whole  force  acting  on  the  particle  at  the 
instant  into  three  components,  parallel  to  the  axes  of  x,  y,  z, 
respectively  ;  and  let  these  components  be  represented  by 
X,  F,  Z',  then,  since  by  the  Second  Law  of  Motion  each 
of  these  forces  produces  its  change  of  velocity  in  its  own 
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direction,  we  deduce  from  what  precedes  (see  Art.  24)  the 
equations 

^  d  fdx\        d^x 

^^^^"^'"^^'      ^^^dP^^^^' 

These  are  called  the  differential  equations  of  motion  of 
the  particle ;  and  the  solution  of  the  problem  depends  in  each 
case  on  the  integration  of  these  equations. 

As  already  stated,  the  preceding  equations  hold  for  the 
motion  of  any  rigid  body,  provided  the  direction  of  the  force 
which  acts  on  it  always  passes  through  its  centre  of  mass. 

69.  In  some  problems  the  mass  acted  on  constantly  varies 
during  the  motion  ;  in  this  case  equation  (3)  becomes 

F=j^{mv).  (5) 

For  instance,  suppose  a  ball  projected  vertically  upwards, 
a  chain  of  indefinite  length  being  attached  to  it,  and  drawn 
up  gradually  by  it ;  to  investigate  the  motion. 

Here,  if  m  be  the  mass  of  the  ball,  jj.  that  of  a  unit  of 
length  of  the  chain,  and  s  the  length  of  chain  in  motion 
at  any  instant,  we  have  M  =  7n  +  jas;  and  if  m  =  />,  our  equa- 
tion gives 


or 


Hence 


{k*sy[fy=c-y{k  +  sf. 


If  V  be  the  initial  velocity,  we  have 
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Hence 

This  determines  the  velocity  at  any*height ;  also  S,  the 
height  of  ascent,  is  given  by  the  equation 

S^j^1l^^-k.  (7) 

^/         2kg 

If  A:  =  00  ,  this  is  easily  seen  to  become  -^,  which  agrees 

with  Art.  38. 

Section  Y. — Action  and  Reaction. 

70.  Third  Liaw  of  Hotion. — Reaction  is  alivays  equal 
and  opposite  to  action  :  that  is,  the  mutual  actions  of  two  bodies 
are  always  equal  and  take  place  in  opposite  directions. 

On  this  law  Newton  remarks  as  follows : — "  If  any  person 
press  a  stone  with  his  finger,  his  finger  is  pressed  by  the  stone. 
If  a  horse  draw  a  body  by  means  of  a  rope,  the  horse  also  is 
drawn  (so  to  speak)  towards  the  body ;  for  the  rope  being 
strained  equally  in  both  directions,  draws  the  horse  towards 
the  body  as  well  as  the  body  towards  the  horse,  and  impedes 
the  progress  of  one  as  much  as  it  promotes  that  of  the  other. 
Again,  if  any  body  impinge  on  another,  whatever  quantity  of 
motion  it  communicates  to  that  other  it  loses  itself  (on  account 
of  the  equality  of  the  mutual  pressure).'' 

Newton  verified  this  law  experimentally  in  the  case  of  the 
collision  of  spherical  bodies. — See  Scholium,  Axiomata. 

He  also  showed  that  the  law  holds  good  in  the  case  of  the 
attraction  of  bodies,  as  follows  : — 

Let  A  and  B  be  two  mutually  attracting  bodies,  and  con- 
ceive some  obstacle  interposed  by  which  their  approach  to 
one  another  is  prevented.  If  the  body  A  be  acted  on  towards 
J5  by  a  greater  force  than  B  is  acted  on  towards  A,  then  the 
obstacle  will  be  more  urged  by  the  pressure  of  A  than  by  the 
pressure  of  B.  The  stronger  pressure  should  prevail,  and 
cause  the  system  consisting  of  the  two  bodies  and  the  obstacle 
to  move  in  directum  towards  B ;  also,  as  the  force  is  uniform 
the  motion  would  be  accelerated  ad  infinitum,  which  is  absurd, 
and  contrary  to  the  first  law  of  motion ;  for,  by  that  law,  such 
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a  system,  as  it  is  not  acted  on  by  any  external  force,  should 
continue  in  a  state  of  rest  or  of  uniform  rectilinear  motion. 

71.  Stress,  Forces  of  Inertia. — The  fact  is  that  force 
is  always  exhibited  as  a  mutual  action  between  two  bodies  ; 
and  this  phenomenon,  regarded  as  a  whole,  is  described 
by  the  term  stress,  of  which  action  and  reaction  are  but 
difPerent  aspects.  Thus  to  the  action  of  a  force  producing 
an  acceleration  of  motion  in  a  body  corresponds  an  equal  and 
opposite  reaction  against  acceleration ;  this  is  called  the  force 
of  inertia  of  the  body.  It  thus  follows  that  the  force  of  inertia 
of  any  material  particle  must  be  equal  and  opposite  to  the 
resultant  of  all  the  forces  which  act  on  the  particle,  whether 
arising  from  the  action  of  the  other  parts  of  the  system  or 
from  that  of  forces  external  to  the  system.  Hence,  in  the 
motion  of  any  material  system,  since  the  actions  and  reactions 
of  its  different  parts  equilibrate  in  pairs,  we  infer  that  there 
is  equilibrium  between  the  external  forces  which  act  on  the 
system  and  the  several  forces  of  inertia  of  the  different  par- 
ticles of  which  the  system  is  composed.  This  is  equivalent  to 
the  celebrated  principle  introduced  by  D'Alembert,  and  called 
by  his  name,  but  which  is  directly  implied  in  Newton's 
Scholium  on  the  Third  Law  of  Motion.  This  has  been  observed 
by  many  wiiters  on  Mechanics,  but  the  connexion  of  New- 
ton's Scholium  with  the  modern  theory  of  work  and  energy 
was  first  pointed  out  by  Thompson  and  Tait :  see  their  Treatise 
on  Natural  Philosophy,  vol.  i.,  pp.  247-8. 

72.  The  laws  of  Motion,  like  every  law  of  nature,  must 
ultimately  depend  for  their  establishment  on  their  agreement 
with  experiment  and  observation.  Accounts  of  the  different 
apparatus  that  have  been  devised  for  the  purpose  of  verify- 
ing these  laws  will  be  found  in  the  books  especially  devoted 
to  the  purpose,  such  as  Ball's  Experimental  Mechanics. 
The  most  complete  proof  of  the  laws  of  motion,  however, 
is  derived  from  Physical  Astronomy.  The  Lunar  motions, 
for  instance,  have  been  calculated  from  equations  depending 
solely  on  these  laws ;  and  the  observed  and  calculated  posi- 
tions are  found  to  agree  with  a  precision  that  could  only 
arise  from  the  perfect  accuracy  of  the  principles  from  which 
they  were  deduced. 
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One  of  the  simplest  contrivances  for  illustrating  the  laws 
of  motion,  in  the  case  of  falling  bodies,  is  that  devised  by 
Atwood,  which  we  shall  now  proceed  to  consider. 

73.  Atwood's  Macbine. — In  its  simplest 
form  this  machine  may  be  regarded  as  consisting 
of  two  masses  connected  by  a  string  which  passes 
over  a  small  fixed  pulley.  We  shall  neglect  the 
weight  of  the  pulley,  and  also  that  of  the  string, 
as  well  as  the  friction  at  the  axle  of  the  pulley.     ' 

Suppose  W  and  W  to  represent  the  weights 
of  the  bodies,  of  which  W  is  the  greater. 

Let  T  denote  the  tension  of  the  string  at  any  instant : 
then  considering  the  pulley  as  perfectly  smooth,  this  tension, 
by  the  law  of  action  and  reaction,  must  act  equally,  and  in 
opposite  directions,  on  the  two  masses. 

Accordingly,  we  may  regard  the  body  W  as  acted  on  by 
the  pressure  W  downwards,  and  the  tension  T  upwards ;  i.  e, 
by  the  single  force  W  -  T  acting  downwards — then,  the 
corresponding  acceleration  /,  from  Art.  40,  is  given  by  the 
equation 

^     W-T 

Similarly,  the  upward  acceleration  of  the  other  body  is  repre- 

T  -W 

sented  by      ^,     g. 

Again,  as  the  string  is  supposed  inextensible,  the  velocities 
of  the  bodies  at  any  instant  are  equal  and  opposite,  and  hence 
their  accelerations  also. 

Accordingly  we  have 

W-T  _  T-  W 

This  determines  the  tension  of  the  string.     Again,  we  have 

W-T=W-y     T-W'=W'-; 
9  9 
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therefore  W-W'={W+  W)  ^, 

if 

f-W^>0.  (2) 

This  determines  the  acceleration.  By  aid  of  it  the  velo- 
city and  the  space  described  in  any  time  can  be  readily 
deduced. 

The  most  important  advantage  of  this  apparatus  is  that, 
by  taking  bodies  of  nearly  equal  weights,  we  can  make  the 

^_  ^' 
acceleration  rr— — —-,  g  as  small  as  we  please. 
rV  +  W 

A  complete  account  of  Atwood's  apparatus  is  beyond  the 
scope  of  this  treatise.  In  a  subsequent  place  we  shall  consider 
the  modification  required  when  allowance  is  made  for  the  mass 
of  the  pulley,  v 

Examples. 

1.  A  mass  of  488  grammes  is  fastened  to  one  end  of  a  chord  whicli  passes 
over  a  smooth  pulley.  What  mass  must  he  attached  to  the  other  end  in  order 
that  the  488  grammes  may  rise  through  a  height  of  200  centimetres  in  10  seconds, 
assuming  ^  =  980  centimetres  ?  Ans.  492  grammes. 

2.  Two  -weights  of  14  and  18  ozs.  are  suspended  hy  a  fine  thread  which 
passes  over  a  smooth  pulley,  if  the  system  he  free  to  move ;  find  how  far  the 
heavier  weight  will  descend  in  the  first  three  seconds  of  its  motion,  and  also  the 
tension  of  the  string.  Ans.  18  feet ;  and  15f  ozs. 

74.  Suppose  that  one  of  the  bodies  is  placed  on  a  smooth 
horizontal  table,  and  that  the  string,  by  which  the  bodies  are 
attached,  passes  over  a  smooth  pulley  placed  at  the  edge  of 
the  table  ;  then,  denoting  the  tension  of  the  string  by  T,  we 
have,  as  before, 

.     W-T 

^  Again,  since  the  motion  of  the  body  on  the  smooth  table 
arises  from  the  tension  T,  we  have 

T 
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W 

Eliminating  T,  we  get  /=  ^^  y^rQ.  (3) 


Again,  equating  the  two  values  of/, 
^       WW 


(4) 


It  may  be  observed  that  the  tension  of  the  string  in  this 
case.  IS  half  of  that  in  Atwood's  machine  for  the  same  masses. 

75.  Masses  on   Two   l§inooth   Inclined   Planes. — 

Suppose  two  bodies,  of  weights  W  and  W\  placed  on  two 
planes,  of  inclinations  i  and  i'  to  the  horizon  ;  and  suppose 
the  connecting  string  to  lie  in  a  vertical  plane  at  right  angles 
to  the  line  of  intersection  of  the  two  inclined  planes,  and  to 
pass  over  a  small  pulley  placed  at  the  common  summit  of 
the  planes ;  then,  representing  as  before  the  tension  of  the 
string  by  T,  since  W  sin  i  is  the  component  of  W  acting 
parallel  to  the  plane,  we  have 

W 

WBmi-T=—f, 
9' 

,  W' 

and  T-W'mii'^—f. 

9  ' 

__.                              -     Wsini-TF'smt  .^. 

Hence  /=  ^^  ^^  9-  (5) 

WW 

Also  T  =  ^^  ^,  (sin  i  +  sin  0 .  (6) 

It  is  evident  that  W  or  W^  will  descend  according  as  W  sin  i 
or  W'  sin  i^  has  the  greater  value. 

The  results  of  the  two  former  Articles  are  particular  cases 
of  the  preceding  ;  and  are,  accordingly,  cases  of  the  formulae 
(5)  and  (6).  We  shall  next  consider  the  preceding  problems 
for  rough  planes. 

76.  Motion  on  Uniformly  Rough  Planes. — Suppose 
two  bodies  connected  as  in  Art.  74,  and  let  ^u  denote  the 
coefficient  of  friction  for  the  horizontal  plane. 

The  friction  acting  against  the  motion  of  W^  is  represented 
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by  fx  W^;  hence  the  pressure  producing  motion  is  T  -  /j.  W\ 
We  accordingly  have  the  equation 

if 

w 

and  also  W-T=  — /,  as  before. 

Hence  we  get  /  =    ^^  ^.  g,  (7) 

WW 

There  can  be  no  motion  unless  W  is  greater  than  jit  W ; 
as  is  also  evident  from  elementary  considerations. 
Equation  (7)  may  also  be  written  in  the  form 

from  which  fi  can  be  determined  when  W  and  TF'  are  known, 
/having  been  obtained  by  observation. 

By  this  means  the  value  of  ju,  the  coefficient  of  dynamical 
friction  was  obtained  for  several  substances  by  Coulomb. 

Again,  let  ju,  f/  be  the  coefficients  of  dynamical  friction 
for  the  inclined  planes,  in  Art.  75. 

Since  the  pressures  on  the  planes  are  represented  by 
W  cos  i  and  TT'  cos  f,  respectively,  the  corresponding  fric- 
tions are  luJF  cos  i  and  lu  W  cos  i';  consequently  the  total 
pressure  acting  on  W,  down  the  plane,  is  represented  by 

W  (sin  i  -  fx  cos  i)  -  T; 

W 

and  we  get  Tr(sin  i  -  fx  cos  i)  -  T=  — /. 

W^ 
And,  similarly,    T  -  W  (sin  i'  +  p!  cos  i)  =  —  /. 

Hence  we  have 

Tr(sin^-  fi  cos  i)  -  W  (sin  i'  +  ^  cos  %)         ,  ^  ^, 
J  -  jfr^  j^'    — —  9y     (10) 

WW 
and       T  =  ^  ^  ynr,  (sin  i  +  sin  V  +  /  cos  i  -  fx  cos  i] .      (11) 
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Examples. 

1.  If  the  two  equal  masses  in  Atwood's  machine  be  each  lib.;  required 

the  additional  mass  which,  added  to  one  of  them,  would  generate  a  velocity  of 

one  foot  in  each  mass  at  the  end  of  the  first  second.  .  2      „ 

Ans. lbs. 

2.  In  the  same  case  find  the  tension  of  the  string  which  connects  the  two 

masses.  .       ^  +  1 

Ans.  lbs. 

9 

3.  Two  smooth  inclined  planes  are  placed  back  to  back  :  the  inclination  of 
one  is  1  in  7,  and  of  the  other  1  in  10  ;  a  mass  of  20  lbs.  is  placed  on  the  first, 
and  is  connected  by  a  string  with  a  mass  of  30  lbs.  placed  on  the  second  plane. 
Find  the  acceleration  of  the  descent,  and  the  tension  of  the  string. 

^w«./=-;^,     r=2?flbs. 
''      350  35 

4.  A  mass  of  10  lbs.,  falling  vertically,  draws  a  mass  of  16  lbs.  up  a  smooth 

plane,  of  30°  inclination,  by  a  string  passing  over  a  pulley  at  the  top  of  the 

plane.     Find  the  acceleration,  the  space  fallen  through  in  10  seconds,  and  the 

tension  of  the  string.  g  ^    mi. 

°  Ans.  /  =  —  ;  s  =  bg;   T=  9  lbs. 

5.  A  mass,  descending  vertically,  draws  an  equal  mass  25  feet  in  2^  seconds 
up  a  smooth  plane,  inclined  30°  to  the  horizon,  by  means  of  a  string  passing  over 
a  pulley  at  the  top  of  the  plane.     Determine  the  corresponding  value  of  g. 

Ans.  32. 

6.  Given  the  height,  A,  of  a  smooth  inclined  plane,  find  its  length  so  that  a 

given  weight  P,  descending  vertically,  shall  draw  another  given  weight  Q  up 

the  plane  in  the  least  possible  time.  2Qh 

Ans.  -^. 

7.  A  mass  P,  falling  vertically,  draws  another,  Q,  by  a  string  passing  over  a 

fixed  pulley  :  if,  at  the  end  of  t  seconds,  the  connecting  string  be  cut,  find  the 

height  to  which  Q  will  ascend  afterwards.  /F-  Q\'^ gfi 

Ans.    I  -— — -  I    — . 

8.  A  mass,  hanging  vertically,  draws  an  equal  mass  along  a  rough  horizontal 
plane.  If  at  the  end  of  one  second  the  string  be  cut,  find  how  far  the  mass 
will  move  along  the  plane  before  it  is  brought  to  rest  by  the  friction. 

Ans.  iL:-^^. 

9.  In  what  time  will  a  mass  of  2  lbs.,  hanging  vertically,  draw  a  mass  of 
30  lbs.  along  a  smooth  horizontal  table  of  36  feet  length  ?       Ans.  6  seconds. 

10.  If  the  plane  in  the  last  example  be  rough,  and  the  coefficient  of  friction 
be  g-fi,  find  the  time  occupied.  Ans.  3  VlO  seconds. 

"^11.  In  the  previous  example  find  at  what  instant  during  the  motion  the 
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string  should  be  cut  in  order  that  the  mass  should  just  reach  the  edge  of  the 
table  :  and  find  the  whole  time  of  motion. 


Ans.  12  ^-rz  seconds,     -  V66  seconds  {q.  p.) 


12.  Two  masses  move  on  two  smooth  inclined  planes,  whose  directions  are  at 
right  angles  to  each  other,  and  are  connected  by  a  string  passing  over  the  inter- 
section of  the  planes.  If  the  tension  of  the  string  be  a  maximum,  find  the  in- 
clination of  either  plane  to  the  horizon.  Ans.  45°. 

13.  In  a  single  movable  pulley,  when  there  is  equilibrium,  the  power  and 
the  weight  hang  by  parallel  strings.  The  weight  being  doubled,  and  the  power 
halved,  motion  ensues.  Prove  that,  if  the  friction  and  inertia  of  the  pulley  be 
neglected,  the  tension  of  the  string  will  be  unaltered.     {Camb.  Trip.,  1874.) 

14.  In  general,  if  Pbe  the  weight  attached  to  the  movable  pulley,  and  Q 
that  to  the  other  end  of  the  string,  prove  that  the  tension  of  the  string  during  the 

motion  is  — — — ^  ;  and  that  the  acceleration  of  the  movable  pulley  is  — -g; 

the  friction  and  inertia  being  neglected  as  before. 

Let  T  denote  the  tension  of  the  string,  /the  acceleration  of  P,  and/'  that  of 

f  f 

Q ;  and  we  have  IT-  F=F''-,     Q-T=Q-;  but/'  =  2/;  therefore,  &c. 

16.  A  train  is  travelling  at  a  uniform  rate  on  level  rails.  JF  is  the  weight 
of  the  fore  portion  of  the  train,  and  TF'  that  of  the  brake-van  at  the  end  of 
the  train.  If  the  brakes  be  applied  to  the  brake-van  find  the  stress  produced  on 
the  couplings  between  it  and  the  next  carriage,  assuming  /*  to  represent  the 

coefficient  of  friction.  ^  TFTF' 

Ans.  a . 

^  JF+  TF' 

16.  In  Atwood's  machine  if  the  descending  weight  be  a  rigid  homogeneous 
vertical  rod  AB,  prove  that  the  longitudinal  stress  at  any  point  Pof  the  rod, 

7?  P 
during  the  motion,  is  represented  by  — —  T,  where  T  is  the  tension  of  the  string. 

AJj 

17.  In  Atwood's  machine  if  the  pulley  be  rough,  and  if  the  effect  of  friction 
be  to  prevent  motion  until  the  tension  of  the  string  at  one  end  be  greater  than 

that  at  the  other  by  -th  of  the  latter  tension,  prove  that  the  effect  on  the  accele- 
ration will  be  the  same  as  if  the  pulley  remained  smooth  and  the  smaller  weight 

were  increased  by  -  th. 
n 

18.  In  Atwood's  machine,  a  mass  P  is  attached  to  one  end  of  the  string,  and 
two  masses,  Q  and  H,  to  the  other  end,  where  Q  +  E  >  P,  and  P  >  Q.  After 
the  united  masses  Q  and  P  have  descended  s  feet  from  rest,  P  is  detached  :  find 
how  much  further  Q  will  move  before  being  brought  to  rest. 

Let /be  the  acceleration  in  the  first  stage  of  the  motion,/'  that  in  the  second, 
V  the  velocity  at  the  instant  P  is  detached,  x  the  required  distance ;  then 

2f8  =  v^  =  2fx; 

^,       »  /         P+Q-P   P+  Q 

therefore  ^  =^  *  =  p^^^^  •  j—q  - 

F 
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CHAPTER  IV. 

IMPACT    AND    COLLISION. 

77.  Collision  of  Homogeneous  Spheres.— In  this  chap- 
ter it  is  proposed  to  consider  some  elementary  cases  of  impact 
of  solids,  but  principally  the  collision  of  homogeneous  spherical 
bodies,  moving  without  rotation,  whose  centres,  at  the  instant 
of  collision,  move  in  right  lines  lying  in  the  same  plane  (all 
friction  being  neglected). 

There  are  two  cases  to  be  considered,  according  as  the 
centres  of  the  spheres  move  in  the  same  or  in  different  right 
lines.     The  former  is  called  direct,  the  latter  oblique  collision. 

We  commence  with  the  former  case,  and  at  first  suppose 
the  centres  to  move  in  the  same  direction  along  the  line. 

78.  Direct  Collision.— Let  M  and  M'  represent  the 
masses  of  the  bodies,  V  and  F'  their  velocities  before,  v  and 
V  those  after,  collision.  We  also  suppose  M  to  impinge 
on  J/'. 

The  whole  impact  may  be  divided  into  two  stages.  During 
the  first,  the  bodies  compress  each  other,  and  the  impinging 
body  M,  moving  with  a  greater  velocity  than  the  other,  accele- 
rates its  motion,  until  the  exact  instant  at  which  their  mutual 
compression  is  the  greatest,  when  they  are  moving  with 
a  common  velocity.  During  the  second  stage,  the  bodies 
tend  to  revert  to  their  original  shape,  and  the  forces  thus 
brought  into  play,  called  the  j'orce8  of  restitution,  tend  to 
cause  the  bodies  to  separate  by  still  further  diminishing 
the  velocity  of  the  impinging  body,  and  increasing  that  of 
the  other. 

Suppose  u  represents  the  common  velocity  at  the  instant 
of  greatest  compression  ;  then  the  quantity  of  motion  lost  by 
iJf  during  the  first  stage  of  the  shock  is  M{V -  u),  and  that 
gained  by  M'  is  M'(u  -  V). 
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These  are  the  measures,  by  Art.  68,  of  the  entire  actions 
of  the  mutual  forces  during  this  stage  of  the  collision  ;  and, 
since  by  the  Third  Law  of  Motion,  the  forces  must  be  equal 
and  opposite,  so  also  are  their  actions  in  the  same  time. 

Hence,  we  have 

MV+M'V 

In  the  case  of  perfectly  non-elastic  bodies,  in  which  no 
forces  of  restitution  are  brought  into  play,  the  bodies  would 
proceed  after  collision  to  move  with  this  common  velocity. 

There  is  probably  no  case  in  nature  of  a  perfectly  non- 
elastic  solid.  All  solid  bodies  with  which  we  are  acquainted 
have  a  tendency  to  recover,  in  different  degrees,  their  original 
forms  after  being  compressed.  This  tendency  arises  from 
their  elasticity. 

Bodies  are  said  to  be  iierfectly  elastic  when  the  forces  of 
restitution,  brought  into  play  during  the  second  stage,  are 
exactly  equal  to  the  forces  of  compression,  which  act  during 
the  first.  In  this  case  the  impinging  body  M  would  lose 
a  further  quantity  of  motion,  M{y  -  u),  equal  to  that  which 
it  lost  in  the  first  stage.  Therefore  its  velocity  Vy  at  the  end 
of  the  shock,  will  be  equal  to  2u  -  V. 

In  like  manner  we  have  /  =  2w  -  F'.  Thus,  in  direct 
collision,  we  are  enabled  to  determine  the  velocities,  Vy  v,  in 
the  case  of  perfectly  elastic  bodies. 

Bodies  are,  however,  in  general  imperfectly  elastic ;  that 
is,  the  whole  force  of  restitution  is  less  than  that  of  compres- 
sion. The  Law  of  restitution,  as  derived  from  experiment,  is 
usually  stated  thus: — The  ratio  tvhich  the  whole  impulse  of 
restitution  hears  to  that  of  compression  is  constant  ivhile  the  imping^ 
ing  substances  remain  the  same.  This  ratio  is  usually  repre- 
sented by  the  letter  e,  having  been  by  many  writers  called 
the  modulus  or  coefficient  of  elasticity  ;  but  as  this  title  is  now 
employed  in  a  different  sense,  we  shall  follow  the  current 
usage  in  adopting  the  name,  coefficient  of  restitution. 

From  this  law  it  follows  that  the  quantity  of  motion  lost 
by  M  during  the  second  stage  of  the  impact  bears  a  constant 

r2 
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ratio  to  that  lost  during  the  first ;  and  similarly  for  the  quan- 
tity of  motion  gained  by  M\ 
Accordingly 

M {u  -  v)  =  eM{  V- u),    M\v'  -  w)  =  eM\u  -  V). 

Hence  we  get 

v'-v  =  e{V-r),  (2) 

and  MV-^M'V'==Mv  +  M'v'.    \  (3) 

These  equations  enable  us  to  determine  the  velocities, 
«?,  «?',  after  impact,  when  those  before  impact  are  given,  as 
also  the  masses  M,  M\  and  the  coefficient  of  restitution. 

It  should  be  observed  that  equation  (3)  expresses  that  the 
total  quantity  of  motion  of  the  two  bodies  is  the  same  after 
impact  as  before.  This  result  is  a  particular  case  of  a  gene- 
ral principle   which  shall  be   subsequently   considered    {see 

The  result  contained  in  (2)  may  be  stated  thus  ;  In  direct 
I  collision*  of  two  spheres  the  relative  velocity  after  collision  hears 
[  a  constant  ratio  to  the  relative  velocity  before  collision. 

This  law  was  established  by  Newton,  as  the  result  of  ex- 
periment {see  his  Leges  Motifs,  scholium) ;  and  the  coefficients 
of  restitution  for  several  substances,  such  as  glass,  ivory, 
steel,  &c.,  were  determined  by  him. 

In  more  recent  times  a  number  of  careful  experiments 
were  undertaken  by  Hodgkinson  on  the  laws  of  restitu- 
tion. The  results  are  to  be  found  in  the  Eeport  of  the  British 
Association,  1834,  and  also  in  the  Transactions  of  the  Royal 
Society.  His  conclusions  agree  in  the  main  with  the  law 
laid  down  by  Newton,  given  above. 

Some  of  the  more  important  results  of  Hodgkinson's 
experiments  may  be  briefly  stated  as  follows :  — 

The  coefficient  of  restitution  diminishes  slowly  as  the 


*  This  result  is  by  some  writers  taken  as  the  basis  of  the  rational  theory  of 
collision.  However,  the  method  here  given  is  that  more  usually  adopted ;  it  has 
the  great  advantage  of  connecting  the  problem  directly  with  the  consideration  of 
force,  and  of  illustrating  the  principle  (Art.  67)  that  impulsive  forces  must  be 
regarded  as  forces  of  great  intensity  whose  time  of  action  is  very  short. 
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velocity  of  impact  increases ;  it  is  independent  of  the  relative 
magnitude  of  the  masses.  In  impact  between  bodies  differ- 
ing much  in  hardness,  the  coefficient  of  restitution  is  nearly 
equal  to  that  between  two  specimens  of  the  softer  body. 

No  perfectly  elastic  body  exists  in  nature  :  glass,  however, 
may  be  regarded  as  nearly  so,  its  coefficient  being  -^f,  approxi- 
mately, as  determined  by  Newton. 

When  the  mass  M'  is  at  rest,  and  very  great  in  comparison 
with  M,  V  is  very  small,  and  we  have  approximately  v--^-eV. 

Hence,  if  a  body  impinge  perpendicularly,  with  a  velocity 
F,  upon  a  fixed  plane,  it  will  return  back  in  its  former  direc- 
tion of  motion  with  a  velocity  represented  by  e  V,  where  e  is 
the  coefficient  of  restitution. 

79.  Height  of  Rebound. — If  a  body  fall  from  a  height 
A  on  a  fixed  horizontal  plane,  then  V,  the  velocity  with  which 
it  strikes  the  plane,  is  equal  to  '^2gh.     The  velocity  of  rebound 

is  e  F,  or  e  ^y2gh :  hence,  if  h'  be  the  height  to  which  it  re- 
bounds, we  have 

y2^'  =  e^2ih, 

or  h'  =  e'h,  (4) 

In  all  cases  of  collision  the  student  should  be  careful  to 
give  the  proper  algebraic  signs  to  the  velocities.  The  velocity 
V  of  the  mass  M  is  usually  taken  as  positive ;  and  hence  the 
other  velocities  will  have  positive  or  negative  signs  accord- 
ing as  they  take  place  in  the  same  or  the  opposite  direction 
to  that  of  F. 

V 

Examples. 

1.  If  a  mass  M  impinge  directly  on  another  mass  M\  at  rest,  find  the  rela- 
tion between  them  when  the  impinging  mass  is  reduced  to  rest  by  the  collision. 

^ns.  M=eM'. 

2.  A  ball  of  6  lbs.  mass,  moving  at  the  rate  of  10  miles  an  hour,  overtakes 
another  of  4  lbs.  mass,  moving  at  5  miles  an  hour :  determine  their  velocities 
after  collision,  assuming  e  =  ^;  the  impact  being  supposed  direct. 

Afis.  V  =  7  ;  v'  =  9 J. 

3.  Find  the  corresponding  velocities  in  the  case  when  the  balls  are  moving 
in  opposite  directions.  Ans.  v  =  1,  v'  =  8^. 
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4.  A  mass  of  50  lbs.,  moving  at  the  rate  of  10  feet  per  second,  overtakes 
another  mass  of  25  lbs.,  moving  at  the  rate  of  6  feet  per  second  ;  if  both  masses 
be  perfectly  elastic,  find  their  velocities  after  the  shock. 

Ans.  ■y  =  7i;  v'  =  U^. 

5.  A  sphere  impinges  directly  on  a  sphere  of  the  same  mass.  If  they  be 
both  perfectly  elastic,  prove  that  they  interchange  velocities,  after  collision. 

6.  A  mass  drops  from  a  height  of  25  feet  above  a  fixed  horizontal  plane,  and 
rebounds  to  a  height  of  9  feet ;  find  the  coefficient  of  restitution.  e  =  f  y 

7.  A  mass  of  10  lbs.,  moving  with  a  velocity  of  10  feet  per  second,  impinges 
directly  on  another  of  5  lbs.,  supposed  at  rest.  If  the  coefficient  of  restitution 
be  f ,  and  the  duration  of  collision  be  rJoth  part  of  a  second,  determine  the  mean 
value  of  the  mutual  pressure  between  the  balls  during  the  collision. 

Here,  we  easily  find  f'  =  12.  Hence,  by  Art.  41,  we  find  that  the  pressure 
which,  acting  for  T^oth  of  a  second,  would  generate  a  velocity  of  12  feet  per 
second,  in  a  body  of  5  lbs.  mass,  is  187|lbs. 

8.  An  imperfectly  elastic  sphere  falls  from  a  given  altitude  above  a  hori- 
zontal plane,  and  rebounds  continually:  find  the  whole  space  described;  and 
also  the  whole  time  before  it  is  brought  to  rest ;  neglecting  the  time  occupied  by 
the  series  of  impacts,  and  also  the  resistance  of  the  air. 

Let  a  denote  the  given  altitude,  and  s  the  whole  space  described. 
Then  the  height  of  the  first  rebound  is  ae^;  that  of  the  second  ae*,  &c. 

\  -\-  e"^ 

Therefore  5  =  a  +  lae"^  +  2«g*  +  &c .  =  « :; : . 

\  -  e^ 

Again,  if  F,  V\,  V2,  &c.,  Fn,  be  the  velocities  with  which  the  sphere  strikes 
the  plane,  at  the  different  impacts,  we  have  j 

Vi  =  eV,     V2  =  eVi  =  eT,     &c.,  r„=«"F. 

Also  let  t,  t\,  ti,  &c.,  tn,  be  the  corresponding  intervals  of  time  ;  then 

ff'      ^        9         9     '     ^      9      '      ' 

Hence,  the  entire  time  T  is  given  by  the  equation 

F  V\  +  e 

r=  —  (1  +  2e+  2^2  +  &c.)  =  —  — — . 

9  '      g  l-e 

80.  Oblique  Collision. — "We  now  proceed  to  the  case 
of  oblique  collision,  i.  e.  where  the  centres  of  the  spheres  are 
not  moving  in  the  same  right  line. 

We  shall  suppose  the  spheres  to  be  homogeneous,  and 
perfectly  smooth  ;  so  that  their  entire  mutual  action  and  re- 
action has  place  along  the  common  normal  at  their  point  of 
contact,  that  is  the  line  connecting  the  centres  of  the  spheres. 
We  also  suppose  that  the  lines  along  which  the  centres  of  the 
spheres  are  moving  before  collision  lie  in  the  same  plane. 
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Let  F,  V  be  tlie  velocities  at  the  instant  of  impact ;  and 
«,  a  the  angles  which  the  line  joining  the  centres,  at  the 
commencement  of  the  collision,  makes  with  the  respective 
directions  of  motion. 

Let  V,  v\  j3,  j3'  be  the  corresponding  velocities  and  angles 
at  the  end  of  the  collision. 

Eesolve  V  into  its  components,  V  cos  a  and  F  sin  a,  re- 
spectively along  and  perpendicular  to  the  right  line  join- 
ing the  centres.  Make  a  similar  resolution  of  the  velocities 
after  collision.  Then,  since  the  forces  brought  into  play 
during  the  collision  act  along  the  line  joining  the  centres, 
the  velocities  perpendicular  to  that  line  are  unaffected  by  the 
collision. 

Hence  we  have 

F  sin  a  =  t?  sin  j3,     V  sin  a  =  X)  sin  j3'.  (5) 

Again,  the  component  velocities  Fcosa,  &c.,  along  the 
line  joining  the  centres  of  the  spheres,  will,  by  the  Laws  of 
Motion,  be  subject  to  the  same  relations  (2),  (3),  as  those 
already  established  for  direct  collision — hence,  we  obtain  the 
two  additional  equations 

v'  cos  j3'  -  «^'  cos  /3  =  e  ( F  COS  a  -  V  cos  d),  (6) 

Jf  Fcos a^Wy  cos  a  =  Mv  cos  j3  +  ifV cos /3'.  [  (7) 

These,  along  with  the  two  preceding  equations  (5),  are 
sufficient  for  the  determination  of  the  velocities  and  the  direc- 
tions of  motion  after  impact,  when  the  corresponding  velo- 
cities and  directions  before  impact  are  known,  as  also  the 
masses  and  the  coefficient  of  restitution. 

In  the  case  of  oblique  collision  of  a  sphere  against  a 
smooth  fixed  plane,  let  Fbe  the  velocity  of  the  sphere  before 
collision,  and  a  the  angle  its  direction  of  motion  makes  with 
the  perpendicular  to  the  smooth  plane ;  then  Fcos  a  repre- 
sents the  velocity  perpendicular,  and  F  sin  a  that  parallel,  to 
the  fixed  plane. 

If  V  and  /3  represent  the  corresponding  velocity  and 
a-ngle  after  collision,  since  the  velocity  parallel  to  the  smooth 
plane  is  unaltered  by  collision,  we  have 

tJsin/3  =  Fsina.  (8) 
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Again,  the  velocity  perpendicular  to  the  plane  will  be  affected 
in  the  same  manner  as  in  direct  collision,  and  we  accordingly 
have 

«?cos /3  =  6Fcosa,  (9) 

Hence,  by  division,  we  get 

tana  =  etanj3,  (10) 

which  gives  the  direction  of  motion  after  impact. 

The  angles  a,  j3  are  sometimes  called  the  angles  of  inci- 
dence and  reflexion ;  and  the  preceding  result  shows  that  the 
tangents  of  these  angles  are  to  each  other  in  the  constant  ratio 
of  the  coefficient  of  restitution  to  unity.  These  angles  are 
equal  in  the  case  of  perfectly  elastic  bodies. 

The  subsequent  motion  of  the  body  depends  on  the 
continuous    forces    which    act    on     it.  n 

When  gravity  is  the  only  acting  force 
the  path  is  a  parabola,  as  in  Art.  48 ; 
and  the  parabolic  path  is  determined 
from  the  initial  velocity  v,  and  the 
initial  direction  of  motion,  ]3. 

Examples. 

1 .  If  the  mass  31'  be  at  rest  before  collision,  find  the  directions  of  motioQ 
after  collision. 

Ans.  )8  =  0  ;  tan  fi  =  -r- — -  tan  o. 

M  —  eM 

2.  A  perfectly  elastic  ball  impinges  obliquely  on  another  of  equal  mass  at 
rest,  prove  that  the  directions  of  their  motions  after  impact  are  at  right  angles 
to  one  another. 

3.  A  ball  impinges  on  another  at  rest ;  prove  that  if  the  coefficient  of  resti- 
tution be  equal  to  the  ratio  of  their  masses  the  balls  will  move  in  directions  at 
right  angles  to  each  other,  whatever  be  the  direction  of  the  impact. 

4.  How  is  this  statement  to  be  modified  in  the  case  of  direct  collision  ? 
The  impinging  ball  is  brought  to  rest  by  the  collision. 

5.  A  ball  is  reflected  in  succession  by  two  fixed  smooth  planes  of  the  same 
substance,  which  are  at  right  angles  to  one  another ;  the  ball  moves  in  a  plane 
at  right  angles  to  the  intersection  of  the  fixed  planes.  Prove  that  the  direction 
of  motion  before  the  first  and  after  the  second  reflection  are  parallel. 

6.  A  projectile  strikes  a  perfectly  elastic  wall,  which  is  perpendicular  both 
to  the  horizon  and  to  the  plane  of  the  projectile's  flight :  find  the  horizontal 
range  of  the  reflected  projectile. 

Since  the  angles  of  incidence  and  reflection  are  equal  in  this  case,  as  also 
the  velocities  before  and  after  impact,  it  is  evident  that  the  parabolic  path  of  the 
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projectile  after  striking  the  wall  is  equal  in  every  respect  to  that  which  it  would 
have  continued  to  describe  if  there  had  been  no  wall  interposed.  Accordingly 
the  problem  is  solved  by  aid  of  Art.  60. 

7.  An  imperfectly  elastic  particle  is  projected  from  a  point  in  a  smooth  hori- 
zontal plane,  with  a  given  velocity  V,  and  in  a  given  direction  o,  and  proceeds 
to  describe  a  series  of  parabolic  paths  by  a  number  of  rebounds  from  the  plane  : 
find  the  whole  time  elapsed  before  it  ceases  to  rebound ;  and  also  its  subsequent 
motion. 

Eesolve  the  velocity  of  projection  into  vertical  and  horizontal  components, 
Fsin  a  and  Fcos  o. 

The  horizontal  component  Fcos  a  will  he  unaltered  by  the  successive  impacts, 
and  accordingly  remains  constant  throughout  the  motion :  the  vertical  component 
V  sin  o  will  be  altered  at  each  impact  in  the  same  manner  as  in  direct  collision  ; 
accordingly  it  may  be  treated  as  in  Ex.  8,  p.  70. 

Hence,  if  The  the  entire  time  before  the  vertical  velocity  Fsin  a  is  destroyed . 
we  easily  get,  as  in  the  example  referred  to, 

2  r  sing     1 

~         ff       1  - «' 

Again,  since  the  horizontal  velocity  is  constant,  and  equal  to  Fcos  a,  the  whole 
range  before  the  vertical  velocity  ceases  is 

F2sin2a 


The  body  would  subsequently  move  along  the  plane  with  the  constant  velocity 
Fcos  o. 

It  should  be  observed  that  the  particle,  in  this  problem,  describes  a  series  of 
parabolic  curves,  one  for  each  rebound. 

81.  "Vis  Viva  of  a  System. — If  each  point  of  a  mass  m 
"be  moving  with  the  same  velocity,  and  if  v  denote,  at  any 
instant,  the  velocity  common  to  all  its  points,  then  the  quantity 
represented  by  mv^  is  called  the  vis  viva  of  the  mass  at  the 
instant.  In  general,  in  the  motion  of  any  system  of  masses, 
if  each  element  of  mass  be  multiplied  by  the  square  of  its 
velocity  at  any  instant,  and  the  sum  of  these  products  taken 
for  the  entire  system,  this  sum  is  called  the  vis  viva  of  the 
St/stem  at  that  instant.     It  is  represented  by  the  expression 

S  (mv^) . 

It  is  easily  seen  that,  in  perfectly  elastic  Spheres,  the  Vis 
Viva  is  unaltered  by  Collision. 

For,  since  e  =  1  in  this  case,  equation  (2)  becomes 
V+v=  F'+  v';  also,  we  have 

M{V-v)=M'{v'-D. 
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Multiplying,  we  get 

M{V' -  v')  =  M\v' -  V), 
•or  MV  +  M  V  =  Mv'  +  M'v\  (11) 

Hence,  in  direct  collision  between  elastic  spheres  the  vis 
viva  is  the  same  after  collision  as  before. 

It  can  be  easily  seen  that  the  same  principle  holds  in  the 
oblique  collision  of  perfectly  elastic  spheres.  For  the  preced- 
ing demonstration  holds  for  the  components  of  velocity  esti- 
mated along  the  line  j  oining  the  centres  of  the  spheres  at  the 
instant  of  collision :  moreover,  the  tangential  components  of 
velocity  are  unaffected  by  collision ;  consequently  (since 
V^  =  V^  sin^a  +  V^  cos^a,  &c.)  it  follows,  in  the  case  of  perfect 
elasticity,  that  the  vis  viva  is  unaltered  by  collision. 

82.  Momentum  of  any  System. — Let  {x,  t/,  z),  {x\  y\  z\ 

{x\  y'\  s"),  &c.,  at  any  instant,  denote  the  coordinates  of  a 
number  of  moving  particles,  m,  m',  m'',  &c.,  referred  to  a  fixed 
system  of  rectangular  axes  ;  then,  by  Art.  12,  the  component 
velocities  of  m^  at  the  instant,  parallel  to  the  axes  of  x,  y,  2, 
are  i?,  ^,  s,  respectively. 

Again,  resolving  the  quantity  of  motion  of  m,  in  the  same 
directions,  we  get  for  its  components  the  expressions 

dx        dy        dz 

mXj  my,  mz,   or  m  — -,   m  — ,   m  — . 

ut        at        clt 

If  this  be  done  for  the  other  masses  m\  m'\  &c.,  the  whole 
quantity  of  motion  or  momentum  of  the  system,  at  the  instant, 
estimated  parallel  to  the  axis  of  x,  is  represented  by  2m  i?. 

In  like  manner,  the  whole  momentum  parallel  to  the  axes 
of  y  and  z  are  ^my  and  2^2,  respectively. 

Again,  let  x,  y,  i  represent  the  coordinates  of  the  common 
-centre  of  inertia  of  the  system  m,  ni,  &c.,  at  the  same  in- 
stant, we  have,  denoting  the  sum  of  the  masses  by  M, 

Mx  =  Sma?,   My  =  '2my,    Mz  =  Sms. 

Moreover,  since  these  equations  are  true  throughout  the 
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motion,  we  may  differentiate  them,  with  respect  to  the  time 
t,  and  thus  we  obtain  the  equations 

^^dx      „     dx     ^    . 
if -77  =  Sw  —  =  ^mx 
dt  at 

■n^dz      _     dz      „    . 
M—  =  2m  —  =  Sws 
dt  dt 

Hence  the  resolved  part  of  the  momentum  of  a  system  in 
any  direction  is  equal  to  the  whole  mass  of  the  system  mul- 
tiplied into  the  component  of  the  velocity  of  the  centre  of 
gravity,  in  the  same  direction. 

83.  Conservation  of  Homentum. — It  is  easily  seen 
that  the  momentum  in  any  direction  of  any  system  of  bodies 
is  unaltered  by  their  mutual  collision.  For,  under  all  cir- 
cumstances of  collision,  the  actions  and  reactions  are  equal 
and  opposite ;  and  as  these  forces  are  measured  by  the  quan- 
tities of  motion  which  they  generate  or  destroy,  it  follows, 
whenever  two  bodies  of  the  system  come  into  collision,  that 
whatever  momentum,  in  any  direction,  is  generated  by  the 
impact  in  one  of  the  impinging  bodies,  an  equal  momentum 
in  the  same  direction  must  be  destroyed  in  the  other.  So  that 
the  entire  momentum,  in  that  direction,  is  unaltered  by  the 
collision.  The  same  holds  whatever  number  of  collisions  be 
supposed  to  take  place  between  the  members  of  the  system. 

Hence,  we  infer  that  the  entire  momentum  of  the  system, 
resolved  in  any  direction,  is  unaffected  by  impacts  among  the 
parts  of  the  system. 

It  can  be  seen,  without  difficulty,  that  the  same  mode 
of  reasoning  applies  to  any  case  of  internal  mutual  action 
between  the  several  parts  of  the  system,  whether  arising 
from  attractions,  molecular  forces,  or  otherwise :  since,  in  all 
cases,  to  every  action  corresponds  an  equal  and  opposite  re- 
action. 

We  accordingly  infer  that,  if  a  sijstem  he  subjected  only  to 
the  internal  mutual  forces  between  the  bodies  which  constitute  it, 
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the  total  resolved  momentum  in  any  direction  is  constant;  i.e. 
Smi;,  Swi?/,  Swz,  have  constant  values  during  the  motion. 

84.  Conservation*  of  Iflotion  of  Centre  of  Inertia. 

— It  follows  from  (12)  that  — ,  -—,  — ,  i.  e.  the  component 

u/t    U't     at 

velocities  of  the  centre  of  inertia  of  a  system,  will  be  constant 

throughout  the  motion  whenever  the  quantities  of  motion 

^mx,  ^my,  ^mz^  are  constant. 

Hence,  from  the  preceding  Article,  it  follows  that  the 
velocity,  and  also  the  direction  of  motion  of  the  centre  of 
inertia  of  any  system,  are  constant,  whenever  the  system  is 
subject  only  to  the  mutual  actions  and  reactions  of  the  bodies 
which  constitute  it. 

This  is  a  generalization  of  the  principle  of  inertia  con- 
tained in  the  First  Law  of  Motion,  and  may  be  otherwise 
stated  thus  : — A  system  of  bodies  cannot  by  their  mutual  actions 
and  reactions  alter  the  motion  of  their  common  centre  of  inertia. 

Hence,  in  such  a  system,  when  not  acted  on  by  any 
external  forces,  the  common  centre  of  inertia  must  either 
remain  at  rest  or  move  uniformly  in  a  right  line. 

85.  The  general  principle,  that  the  entire  quantity  of 
motion  of  two  or  more  bodies  is  unaltered  by  their  mutual 
actions  and  reactions,  furnishes  us  with  a  ready  method  of 
solving  some  elementary  problems. 

For  example,  suppose  two  masses,  m  and  m\  to  be  con- 
nected by  a  string,  and  laid  on  a  perfectly  smooth  horizontal 
table,  at  a  distance  from  each  other  less  than  the  length  of 
the  string.  Now,  let  a  given  impulse  be  applied  to  m  along 
the  line  which  joins  it  to  m',  the  motion  which  ensues  after 
the  string  becomes  stretched  can  be  easily  found  as  follows : 

Let  m  V  be  the  quantity  of  motion  communicated  to  m 
by  the  impulse,  then,  after  the  string  becomes  tight,  the 
bodies  must  move  with  a  common  velocity.  Let  Vi  denote 
this  common  velocity ;  then,  since  the  whole  quantity  of 
motion  of  the  two  bodies  remains  the  same,  we  have 

(m  +  m')  Vi  =  m  V. 

*  This  proof  corresponds  in  the  main  with  that  given  hy  Newton.     See 
Leges  Motus,  Cor.  iv. 
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Consequently  they  move  along  the  line  with  a  common 
velocity 

mV 

m  +  m'' 

In  this  problem  we  have  supposed  the  motion  one  of  pure 
sliding ;  and  we  neglect  the  mass  of  the  string  in  it  as  also 
in  the  next  problem. 

86.  A  mass  ifcf,  after  falling  through  a  height  h,from  the 
edge  of  a  smooth  table,  commences  to  draw  hi/  an  inextensihle 
string  another  mass  M\  which  rests  on  the  table ;  to  find  the 
velocity  communicated  to  M^  at  the  instant  that  the  string  be- 
comes tightened,  and  also  the  impulse  of  the  tension  of  the  string. 

The  velocity  acquired  by  if,  in  consequence  of  its  fall,  is 
represented  by  y/2gh ;  and  since  at  the  end  of  the  impulsive 
strain  the  bodies  are  moving  with  equal  velocities,  and  also 
the  quantity  of  motion  is  imaltered  by  the  impulsive  action, 
we  must  have 

(if  +  M')vy  =  MV=  My  2^1, 

71  f 

where  Vi  denotes  the  common  velocity  at  the  instant  in  ques- 
tion. 

Again,  the  impulse  of  the  tension  of  the  string  is  measured 
by  the  quantity  of  motion  communicated  to  M';  and  accord- 
ingly is  represented  by 

MM'     /— - 

If  the  table  be  rough,  since  the  friction  of  the  table  is  pro- 
portional to  the  weight  of  M\  it  may  be  neglected  in  com- 
parison with  the  impulsive  force,  and  we  obtain  the  same 
value  for  Vi  as  in  the  case  of  a  smooth  table  (see  Art.  67). 
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Examples. 

1.  A  sphere,  of  30  lbs.,  moving  with  a  velocity  of  45  feet  a  second,  over- 
takes another,  of  27  lbs.,  moving  32  feet  a  second  ;  if  the  relative  coefficient 
of  restitution  be  f,  find  their  velocities  after  collision.  Ans.  34^1,  43ff . 

2.  Two  spheres  meet  directly  with  equal  velocities  ;  find  the  ratio  of  their 
masses  that  one  of  them,  M,  should  be  reduced  to  rest  by  the  collision — (1)  when 
perfectly  elastic ;  (2)  for  coefficient  of  restitution  e. 

Ans.  (1)  M=ZM',  (2)  M=M'  (1  +  2e). 

3.  If  two  equal  and  perfectly  elastic  spheres  be  dropped  at  the  same  instant 
from  dififerent  heights,  h  and  h',  above  a  horizontal  plane ;  determine  whether 
their  common  centre  of  inertia  will  ever  rise  to  its  original  height. 


'\h' 


Ans.  No,  unless  w  —  is  a  commensurable  number. 

4.  A  101b.  shot  is  fired  from  a  gun  of  12cwt.,  that  is  quite  free  to  move. 
The  velocity  with  which  the  shot  leaves  the  mouth  of  the  gun  is  1600  feet  per 
second ;  find  the  velocity  of  the  gun's  recoil.  Ans.  11*9  feet  per  second. 

5.  Three  homogeneous  spherical  bodies,  m,  m\  m",  are  placed  with  their 
centres  in  a  row.  If  m  be  projected  with  a  given  velocity  F"  towards  m';  to  find 
the  magnitude  of  m'  in  order  that  the  velocity  communicated  to  m"  by  its  inter- 
vention shall  be  the  greatest  possible. 

Let  e,  e  denote  the  relative  coefficients  of  restitution  between  m,  m',  and 
between  in',  m",  respectively.  Then,  if  v'  be  the  velocity  of  m'  after  the  first 
collision,  we  get  from  Art.  78, 

,      m[l->re)V 
m  +  m 
In  like  manner,  iff"  be  the  velocity  of  m"  after  the  second  collision,  we  have 
m' (1  +  e') v'      mm' {I  -V  e){l  +  e) V 


v"  = 


m'  +  m"  (m  +  m')  {m'  +  m") 


.         ,.     ,  m  .  {m  +  m){m  +m  ) 

Accordingly,  ■-, j--— ;;-  must  be  a  maximum  ;  or^^ ; • 

(m  4-  m)  {m'  +  m")  m 

,         „      mm"  ...  ,     mm"  .  .   . 

IS  a  minimum :  i.e.  m -\-  m  -^  m    ^ ~  is  a  minimum,  or  m  +  — —  is  a  mini- 

m  m 

mum:  hence,  m  =  '\lmm'\  by  elementary  algebra  ;  consequently  the  masses  must 
be  in  geometrical  progression. 

This  reasoning  is  readily  extended  to  the  case  of  any  number  of  spheres 
placed  in  a  row  ;  and,  when  the  first  and  last  are  given,  the  masses  must  be  in 
geometrical  progression,  in  order  that  the  velocity  communicated  to  the  last 
should  be  the  greatest  possible. 
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6.  Two  particles  are  connected  by  a  string,  and  laid  on  a  uniformly  rough 
horizontal  table,  at  a  distance  from  each  other  less  than  the  length  of  the  string. 
One  of  the  particles  receives  a  given  impulse  along  the  line  joining  them :  deter- 
mine the  motion  which  ensues  after  the  tightening  of  the  string. 

7.  Find  an  expression  for  the  vis  viva  lost  in  the  direct  collision  of  two 
imperfectly  elastic  spheres. 

From  equations  (2),  (3),  Art.  78,  we  have 

{m  V  -\-  m'  V)^  =  [mv  +  m'v')-, 
and  mm'e'^{V  —  F')'=  mm^v  —  v'Y. 

This  latter  may  be  written 

mm'{V  -  r'f=mm:{v-v'f  +  (1  -  e^)mm'{V-  V'f. 
Hence,  by  addition, 

{m  +  m'){mV^  +  m'V"^)  =  (w  +  m'){inv'^  +  m'v"^)  +  (1  -  e^)mm'{V-  V'f. 

Therefore      m  V^  +  m'  V'^  =  mv-  +  m'v"^  +  (1  - e"-)    ^"^   ,  ( V-  Vy. 

m  +  m 

Accordingly,  the  vis  viva  lost  by  the  collision  is  represented  by 

m  +  m 

8.  Find  the  loss  of  vis  viva  caused  by  the  direct  impact  of  two  balls,  one 
weighing  10  lbs.  and  falling  from  a  height  of  20  feet,  the  other  at  rest  and 
weighing  301b.  ;  assuming  the  coefficient  of  restitution  =  |-. 

Ans.  T^eth  of  the  original  vis  viva. 

9.  A  body,  after  sliding  down  a  smooth  inclined  plane  of  given  height,  re- 
bounds from  a  hard  horizontal  plane ;  find  the  range  on  the  latter  plane. 

10.  A  mass  J/,  after  falling  freely  through  h  feet,  begins  to  pull  up  a 
heavier  mass  Mi  by  means  of  a  string  passing  over  a  pulley,  as  in  Atwood's 
machine ;  find  the  height  through  which  it  will  lift  it. 

Let  vi  be  the  velocity  communicated  to  Mi  by  the  impulsive  action  ;  then  by 

Art.  86  we  have  vi  =  -— — -  V2fl'/i. 

M  +  Ml 

During  the  subsequent  motion  Mi  is  subject  to  a  uniform  retardation  — ^ a. 

Ml  +M 
as  in  Art.  73;  accordingly,  if  ^denote  the  height  to  which  JfcTi  ascends  before  it  is 
brought  to  rest,  we  have 

■U  =  — - 


2/     Mi'-M'^ 

11.  An  inelastic  particle  falls  from  rest  to  a  fixed  inclined  plane,  and  slides 
down  the  plane  to  a  fixed  point  in  it ;  show  that  the  locus  of  the  starling  point 
is  a  straight  line  when  the  time  to  the  fixed  point  is  constant.  (Camb.  Trip.y 
1871). 
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12.  Two  equal  balls  of  radius  a  are  in  contact  and  are  struck  simultaneously 
by  a  ball  of  radius  c  moving  in  the  direction  of  their  common  tangent ;  if  all  the 
balls  be  of  the  same  material,  the  coefficient  of  elasticity  being  e,  find  the  velo- 
cities of  the  balls  after  impact,  and  prove  that  the  impinging  ball  will  be  reduced 
to  rest  if 

'^  =  ^S-  (Camh.Trip.,im.) 

13.  Show  how  to  determine  the  motion  of  two  elastic  spheres  after  direct 
impact,  and  prove  that  the  relative  velocity  of  each  of  them  with  regard  to  the 
centre  of  mass  of  the  two  is,  after  the  impact,  reversed  in  direction  and  reduced 
in  the  ratio  e:ly  e  being  the  coefficient  of  restitution. 

A  series  of  n  elastic  spheres  whose  masses  are  1,  ^,  e',  &c.,  are  at  rest,  sepa- 
rated by  intervals,  with  their  centres  on  a  straight  line.  The  first  is  made  to 
impinge  directly  on  the  second  with  velocity  u.  Prove  that  the  final  vis  viva  of 
the  system  is  (1  -  ^  +  e»)u'^.  {Ibid.,  1875.) 

14.  An  elastic  ball  makes  a  series  of  rebounds  from  a  perfectly  smooth  inclined 
plane :  to  investigate  its  motion. 

Let  i  be  the  inclination  of  the 
plane  to  the  horizon,  and  suppose 
the  ball  projected  from  the  point  0 
in  the  plane,  in  a  direction  which 
makes  the  angle  a  with  the  plane. 
Let  j8,  )3i,  &c.,  fin  be  the  angles  at 
which  the  ball  strikes  the  plane  at 
the  first,  second,  .  .  .  n*^  impacts ;  and 
oi,  02,  .  .  .  an,  the  angles  it  makes 
after  rebounding. 

Then,  by  equation  §,  Art.  56,  we  have 


but,  by  (10)  Art.  80, 


cot  iS  =  cot  o  -  2  tan  i ; 
Q,otfi  =  e  cotoi. 


.'.     ^cotai  =  cot  o  —  2tant. 
Similarly  e  cot  a^  =  cot  ai  —  2  tan  i ; 

.'.     «2coto2  =  cota  -  2(1  +  e)tant; 
and  it  is  easily  seen  that  we  have,  in  general, 

e»»cotflu  =  cota-  2(1  +e  +  .  .  .  +e«-^)tant 

^        2(1 -g>')^      . 

=  cot  a ^; tan  t, 

I  —  e 

from  which  the  angle  after  the  «*^  rebound  can  be  found. 

Again,  the  ball  will  proceed  to  bound  up  the  plane  so  long  as  the  angk 
ai,  o2,  •  .  .  are  each  less  than  90°  -  i. 
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If  an  be  the  first  of  a  series  of  angles  which  exceeds  90"  -  i,  we  will  have 
cot  an<tant. 

2  tan  i 
If  cot  o  is  greater  than it  can  be  readily  shown  that  for  all  values  of  n 

an  is  less  than  90°  —  i ;  and  in  this  case  accordingly  the  ball  would  proceed  to 
ascend  the  plane  by  an  indefinite  series  of  parabolic  paths. 
2  tan  i 
But  if  cot  o  be  less  than  — ,  after  a  certain  number  of  impacts,  the  body 

would  proceed  to  rebound  down  the  inclined  plane. 

2  tan  i 
In  the  particular  case  where  cot  a  —  — ,  or  2  tan  i  =  cot  o  ( 1  -  «),  we  have 

e  cot  oi  =  e  cot  a  ;     .*.  ai  =  a  ; 
hence  o  =  ai  =  03  =  .  •  .  =  on  ; 

or,  all  the  angles  of  rebound  are  equal  to  one  another  ;  consequently  the  series 
of  paraholic  paths  in  this  case  are  similar,  and  the  particle  would  proceed  up  the 
plane  with  an  indefinite  number  of  rebounds. 

In  general,  let  ^1,  ^2,  .  •  •  ^»  be  the  times  of  flight  for  the  series  of  parabolic 
paths,  and  v\,  t'2,  •  .  •  Vn,  the  velocities  of  the  successive  rebounds ;  then  by  equa- 
tion (5),  Art.  50,  we  have 

2v  sin  a      ^       2vi  sin  01    „ 

h=  r,      t%=  r-,  &C. 

g  COS  I  g  cos  % 

But  if  v'  be  the  velocity  with  which  the  ball  strikes  the  plane  at  the  first 
impact,  we  have 

v'  sin  )3  =  t;  sin  a ; 
but  by  Art.  80, 

v\  sin  oi  =  ev'  sin  )3  =  «v  sin  o ; 
consequently 

t2  =  eti ;  also  tz  =  etz  =  e^ti,  &c. 

Hence  the  times  of  flight  are  in  geometrical  progression,  having  e  for  their 
common  ratio. 

If  the  intervals  of  time  occupied  by  the  successive  impacts  be  neglected,  we 
get  for  the  time  T  of  describing  the  first  n  parabolas, 

__  2v  sin  o   1  —  «'• 
g  cos  i     \  —  e' 

Again,  let  ]R.\,  R2,  .  .  .  Rn  denote  the  consecutive  ranges  on  the  inclined 
plane  ;  then,  by  Art.  50,  we  have 

Ri  =  yir 7^ =  Igh^  cos  i  (cot  a  -  tan  i), 

sin  a  ' 

Similarly, 

R-i  =  \9t-i?'  cos  i  (cot  01  -  tan  i)  =  \gi'^  cos  %  {e-  cotai  -  e^  tan  i) 

=  Igeti^  cos  t  {cot  a  -  (2  +  e)  tan  i} . 
G 
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And,  in  general, 

Rn  =  \9t,?  COS  i  (cot  o„-i  —  tan  i) 

=  iffe*'''^  t^  cos  i  {  cot  o  -  (2  +  2e  +  . .  .  +  2«»»-2  +  e«-i)  tan  x  \ 

1 / 

2«;2sin2o  (      ,      ,         2«»-i        .      1  +  ^  ,   ,,      . 
e'^-^  cot  o  -  :; tan  %  + e^n-z  tan  t 


^  cos  i(  1  —  e  \  -  e 

Hence  the  sum  of  n  ranges  is  found  to  be 

v^  sin^a  1  -  e^  (  I  -  e»  .      ,) 


=  2 r  -, i  cot  a  - tan  , , 

^C08»l-e(  I  -  e  ) 


/              1-en 
=  vT  sin  o  I  cot  a  — : tan  % 


')■ 


If  cot  a  be  greater  than we  get  the  entire  range  on  the  inclined  plane 

by  making  n  =  oo  ;  hence  the  entire  range  is,  in  this  case, 

vTsina  loot  a 


(  tan  i ) 

|cot.-— j 


The  preceding  question  was  discussed  at  great  length  by  Bordoni,  Mem.  della 
Societa  Ital.,  1816.  See  also  Walton's  Froblems  on  Theoretical  Mechanics, 
pp.  262,  263,  3rd  edition. 

15.  In  the  preceding  example  show  that  the  greatest  distances  of  the  body 
from  the  inclined  plane  in  the  successive  parabolic  paths  are  in  geometrical  pro- 
gression, having  e"^  as  their  common  ratio. 

16.  If  two  bodies,  of  the  same  elasticity  be  projected  with  the  same  velocity 
from  a  point  on  an  inclined  plane,  and  if  the  directions  of  projection  make  equal 
angles  at  opposite  sides  of  the  perpendicular  to  the  plane,  prove  that  the  series 
of  parabolic  paths  described,  one  up,  the  other  down  the  plane,  will  be  described 
in  times  which  are  respectively  equal  in  pairs. 

17.  An  imperfectly  elastic  ball  falls  from  a  height  h  upon  an  inclined  plane ; 
find  the  range  between  the  first  and  second  rebounds.     Ans.  4ieh  sin  i  (1  +  e). 

18.  Prove  that,  in  order  to  produce  the  greatest  deviation  in  the  direction  of 
a  smooth  billiard  ball  of  diameter  a,  by  impact  on  another  equal  ball  at  rest,  the 

former  must  be  projected  in  a  direction  making  an  angle  sin-^  -   /- with  the 

c\  6  —  e 
line  (of  length  e)  joining  the  two  centres ;  e  being  the  coefficient  of  restitution. 

Camb.  Trip.,  1873. 

19.  A  bucket  and  a  counterpoise,  connected  by  a  string  passing  over  a  pulley, 
just  balance  one  another,  and  an  elastic  ball  is  dropped  into  the  centre  of  the 
bucket  from  a  distance  h  above  it ;  find  the  time  that  elapses  before  the  ball 


^-''-.^-*- 

et  is 

2me  v^                    ^inh 

e 
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ceases  to  rebound ;  and  prove  that  the  whole  descent  of  the  bucket  during  this 

it  AM  A  g 

interval  is  -tt ,-:: r\  where  w^,  M  are  the  masses  of  the  ball  and  the 

bucket,  and  e  is  the  coefficient  of  restitution.  Camb.  Trip.,  1875. 

Let  V  be  the  velocity  of  the  ball  just  before  the  first  impact.  The  relative 
velocity  after  the  first  impact  is  ev,  and  the  relative  acceleration  is  g,  since  the 
acceleration  of  the  bucket  is  zero. 

Therefore  the  time  during  which  the  ball  rebounds  is 

—   ^  +  eH  ^3 +...=_- =  2- J 

9  '      g   I- e        1 -e\ g 

Let  Vi,  V2,  F3,  . . .  be  the  velocities  of  the  bucket  between  the  first,  second, 
third,  .  .  .  impacts. 

Then  Ti  =  -^.  ,      ' 

2M  +  m 

and  the  space  described  by  the  bucket  is 

g  ^  g  {2M  +  m)  {1  -  ey      2M  +  m   {I  -  e)^ 

(This  proof  is  taken  from  Greenhill's  solutions  of  Cambridge  Problems   and 
Riders  for  1875.) 

20.  A  particle  is  projected  with  a  velocity  V,  in  a  direction  making  an  angle 
a  with  the  horizon,  and  strikes  a  vertical  wall,  at  a  distance  a  from  the  point  of 
starting.  Find  when  and  where  it  will  strike  the  horizontal  plane  drawn  through' 
its  initial  position. 

Ans.  T= .     The  distance  from  the  wall  at  which  it  will  strike 

the  ground  =  e( £u  ,  where  e  is  the  coefficient  of  restitution  for  the 

particle  and  the  wall. 

21.  A  large  number  of  equal  particles  are  fastened  at  unequal  intervals  to  a 
fine  string,  and  then  collected  into  a  heap  at  the  edge  of  a  smooth  horizontal 
table,  with  the  extreme  one  just  hanging  over  the  edge.  The  intervals  are  such 
that  the  times  between  successive  particles  being  carried  over  the  edge  are  equal : 
prove  that  if  Cn  be  the  interval  between  the  w"'  and  the  (n  +  1)<'»  particle,  and 

Vn  the  velocity  just  after  the  {n  +  ly^  particle  is  carried  over,  then  —  =  —  =n, 

Ci        Vi 

Professor  "Wolstenholme,  £duc.  Times. 
If  V  be  the  velocity  acquired  by  the  first  particle  during  its  fall  through  the 
interval  ci,  we  get  immediately,  from  the  conditions  of  the  problem,  the  two  series 
of  relations 

V3=i  {V2  +  v)  =  f  v,  &c. 

2v%     2gez  =  {v2  +  vy  -  v-i?  =  3i;',  &g. 


Vx 

=  \% 

V2  = 

■■^{vi  +  v)  = 

I 

2gcx  = 

v\ 

2gcz-. 

=  {vx 

+  vy-vi'  = 

% 

Hence 

V\\ 

:  V2 :  n 

:&c. 

:Vn=ci:c2 : 

c% 

G  2 
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CHAPTER   Y, 


CIRCULAR   MOTION. 

Section  I. — Harmonic  Motion. 

87.  Uniform  Circular  Motion. — If  a  point  P  describe  a 
circle  with  a  uniform  motion,  the  radius  of  the  circle  is  called 
the  amplitude  of  the  motion,  and  the  time  of  making  one 
revolution  is  called  its  period.  If  the  arcs  are  measured  from 
a  fixed  point  A,  and  the  time  counted  from  the  instant  the 
moving  point  passed  through  a  fixed  point  E,  then  the  angle 
AOE  is  called  the  angle  of  epoch,  or  briefly,  the  epoch.  Also 
the  ratio  which  the  arc  PE,  at  any  instant,  bears  to  the  cir- 
cumference of  the  circle  is  called  the  phase  of  the  moving  point 
at  that  instant. 

The  arrowheads  on  the  figure  denote  the  direction  in  which 
the  motion  is  supposed  to  take  place, 
and  such  a  rotation  as  there  repre- 
sented, i.e.  in  the  opposite  direction  to 
that  of  the  hands  of  a  clock,  is  con- 
^idiQioQdi  Q.  positive  rotation:  that  in  the 
opposite  direction,  or  clocktcise,  beiug 
considered  negative. 

Let  (M)  be  the  angular  velocity  of 
P,  or  the  circular  measure  of  the  arc 
described  in  one  second,  e  the  circular 
measure  of  the  epoch  AOE,  and  0  that 
of  A  OP,  we  have 

0  =  (x)t  +  e. 


(1) 


27r 


Again,  if  T  denote  the  period,  we  get  w  =  -^,  and  hence, 
if  desirable,  we  should  write 

but  we  shall  generally  employ  the  form  0  =  wt  +  e,  being 
more  compendious. 
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88.  Harmonic  Jllotion. — If  PM  be  drawn  perpendi- 
cular to  the  diameter  AA\  then  as  P  moves  uniformly  round 
the  circle,  the  point  M  moves  backwards  and  forwards  along 
the  line  AA\  and  is  said  to  have  a  simj^le  harmonic  motion. 
The  amplitude,  period,  epoch,  and  phase  of  the  harmonic  I 
motion  are  the  same  as  those  of  the  corresponding  circular  [ 
motion. 

If  OM  =  cc,  then  the  position  of  M  at  any  instant  is  given 

by  the  equation  x  =  a  gos  [wt  +  c),  (2) 

where  a  represents  the  amplitude,  and  e  the  epoch  of  the 
motion.  The  angle  w^  +  e  is  called  the  argument  of  the 
motion,  and  the  distance  x  is  said  to  be  a  simple  harmonic 
fnj}ctignj)fthe  time. 

Again, TFjPiV"  be  perpendicular  to  OB,  and  y  =  ON,  we 
have  y  =  tt  sin  (w^  +  c)  =  «  cos  (w^  +  c  -  Jtt). 

Hence  the  point  N  has  also  a  harmonic  motion,  and  we  ) 
infer   that  a  uniform  circular  motion  is  equivalent  to  two 
simultaneous   rectangular   harmonic    motions,    of  the   same 
amplitude  and  period,  but  differing  one-fourth  in  phase : 
and  conversely. 

Again,  if  the  point  M  be  projected  on  any  line,  the  pro- 
jected point  plainly  has  a' -harmonic  motion  of  the  same 
period  and  phase,  but  having  for  amplitude  the  projection 
of  the  amplitude  of  M. 

If  we  differentiate  equation  (2)  we  get 

(Ix 
«?  =  — -  =  -  fl^w  sin  (i»)t  +  c). 
at 

Consequently  the  velocity  of  a  point  which  has  a  simple  har- 
monic motion  is  a  simple  harmonic  function  of  the  time ;  and 
its  maximum  value  is  equal  to  the  velocity  in  the  circle. 
Again,  the  acceleration /is  given  by  the  equation 

/  =  —  =  -  a,-  a  cos  (wi5  +  £)  =  -  w'X.      UA  ^'  "^ 
at 

Consequently  the  acceleration  at  any  instant  is  propor- 
tional to  the  distance  from  the  middle  point  of  the  motion, 
and  is  always  directed  towards  that  point.  The  acceleration 
at  either  extremity  of  the  motion  is  -  lo^a. 
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Any  number  of  harmonic  motions  of  equal  periods  in  the 
same  line  are  equivalent  to  a  single  harmonic  motion. 

For  let    x  =  a  cos  {(vt  +  a)  +  a  cos  [wt  +  /)  +  &c. 
Then  a;  =  ^  cos  (ot  -  B  sin  wt, 

where  -4  =  Sa  cos  e,     and    B  =  S^j  sin  e. 

Hence    x  =  (7  cos  (a>^  +  7),     where 

C  =  *yA^  +  B^,  and  tan  7  =  -7. 

This  result  admits  also  of  a  simple  geometrical  demon- 
stration. 

89.  Elliptic  Harmonic  Motion. — If  a  circle  be  pro- 
jected orthogonally  on  any  plane  its  projection  is  an  ellipse, 
and  the  projection  of  any  point  which  moves  uniformly  on 
the  circle  is  said  to  have  an  elliptic  harmonic  motion. 

An  elliptic  harmonic  motion  may  be  resolved  into  two 
simple  harmonic  motions,  of  the  same  period  but  differing  in 
amplitude,  along  any  two  conjugate  diameters  of  the  ellipse, 
these  motions  differing  one-fourth  in  phase.  This  follows 
immediately  from  the  property  that  rectangular  diameters 
in  the  circle  are  projected  into  conjugate  diameters  in  the 
ellipse.  Conversely,  any  two  simple  harmonic  motions,  in 
different  lines,  of  the  same  period  and  differing  one- fourth 
in  phase,  compound  an  elliptic  harmonic  motion,  having  the 
lines  for  conjugate  diameters. 

Examples. 

1 .  A  point  F  describes  a  circle  with  uniform  velocity.  If  Jf  be  its  projecture 
on  any  fixed  diameter,  prove  that  the  velocity  of  M  varies  as  FM,  and  that  its 
acceleration  varies  as  OM;   0  being  the  centre  of  the  circle. 

2.  If  two  harmonic  motions  in  the  same  line  have  equal  amplitude  (a)  and 
equal  periods,  but  different  epochs,  e,  c',  find  the  amplitude  of  their  resultant 
motion.  Ans.  2a  cos  ^  (e  —  c'). 

3.  If  the  difference  of  phase  in  the  last  passes  continuously  from  0  to  2ir,  find 
the  mean  value  of  the  square  of  the  amplitude  of  the  resulting  vibration. 

Atis.  2a2. 
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The  mean  value  is  represented  by  the  definite  integral  [Int.  Calc,  Art.  238), 

IT 


If  J  0 


This  result  is  of  importance  in  the  Wave  Theory  of  Light,  as  it  shows  that  the 
intensity  of  light  is  proportional  to  the  square  of  the  amplitude  of  the  vibration 
which  constitutes  the  light. 

4.  If  two  or  more  harmonic  motions  in  different  directions  have  the  same 
periods  and  phases,  show  that  their  resultant  is  also  a  simple  harmonic  motion 
of  the  same  phase. 

5.  Prove  that  the  resultant  of  any  number  of  simple  harmonic  motions,  dif- 
fering in  directions  and  phases,  but  having  the  same  period,  is  an  elliptic  har- 
monic motion. 

6.  In  elliptic  harmonic  motion  prove  that  the  areal  velocity  of  the  moving 
point,  round  the  centre,  is  constant. 

7.  Prove  that  any  simple  harmonic  motion  is  equivalent  to  two  circular 
vibrations,  in  opposite  directions. 

8.  A  horizontal  shelf  moves  vertically  with  simple  harmonic  motion,  the 
complete  period  being  one  second.  Find  the  greatest  amplitude  in  centimetres 
that  objects  resting  on  the  shelf  may  remain  in  contact  with  it  when  at  its 
highest  point :  assuming  ff  =  981.  Ans.  24'85. 

9.  In  elliptic  harmonic  motion,  being  given  the  difference  of  phase,  and  the 
ratio  of  the  amplitudes  of  the  components  along  two  given  right  lines,  perpen- 
dicular to  each  other,  determine  the  position  and  the  ratio  of  the  axes  of  the  ellipse. 

If  k  be  the  ratio  of  amplitudes,  —  the  difference  of  phase,  fithe  ratio  of  axes, 

and  a  the  angle  made  by  the  axis  major  with  the  direction  of  greater  amplitude, 
then 

„      1  +  ^2  -  \/l  +  2A;2cos2e  +  /;*  ^       2Ic  cos  e 

fi^= /  ,  tan2o=-- r-. 

1  +  F+a/i  +  2^2cos2€  +  A;*  1-^'' 

10.  Show  that  two  simple  harmonic  motions,  in  rectangular  directions,  of  the 
same  epoch,  and  whose  periods  are  as  1 :  2,  compound  a  parabolic  vibration. 

In  this  case  the  motion  may  be  represented  by  the  equations 
X  =  a  cos  2(i)t,     y  —  h  cos  oit. 

Hence,  eliminating  ^,  we  get     -  =  — •  —  1. 

11.  In  the  same  case,  if  the  vibrations  differ  in  epoch,  show  that  the  har- 
monic motions  compound  a  curve  of  the  fourth  degree. 

The  motion  is  represented  by  the  equations 

X  —  a  cos  (2«^  -  e),    y  =  h  cos  at. 
Hence,  eliminating  t,  we  get 


cos  6  +  COS-€  =  0. 
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Section  II. —  Centrifugal  Force, 

90.  Centrifugal  and  Centripetal  Force. — A  heavy 
particle  may  be  made  to  move  in  a  circle,  either  by  having 
it  attached  to  a  fixed  point  by  an  inextensible  string,  and 
made  to  move  on  a  plane  passing  through  the  fixed  point,  or 
by  its  being  constrained  to  move  in  a  fixed  circular  groove. 
During  the  motion  in  the  former  case  the  string  sustains  a 
strain  or  tension :  in  the  latter,  the  moving  particle  presses 
outwardly  against  the  groove.  This  tension,  or  pressure, 
is  called  the  centrifugal  force  of  the  particle,  and  is  always 
directed  outwards  from  the  centre  of  the  circle  described. 

The  groove,  or  string,  exerts  at  the  same  instant  an  equal 
and  opposite  reaction,  inwards  on  the  particle.  This  latter  is 
called  the  centripetal  force  which  acts  on  the  particle.  If 
m  be  the  mass  of  the  particle,  and  Fits  velocity  at  any 
instant,  then,  by  Art.  25,  we  infer  that  the  centripetal  force 

is  represented  by  m  — ,  where  r  is  the  radius  of  the  circle. 

This  result  can  also  be  established  otherwise  in  the  fol- 
lowing manner.  Let  P  be  the  position  of  the 
particle  at  any  instant ;  then  if  it  were  free,  and 
acted  on  by  no  force,  it  would  move  along  the 
tangent  at  F  with  the  velocity  F,  which  it  has  at 
the  instant ;  and  at  the  end  of  the  time  A^  would 
arrive  at  the  point  iV^,  where  PN=  VxAt:  accord- 
ingly QJV  denotes  the  space  through  which  it 
has  moved,  in  the  time  At,  owing  to  the  centri- 
petal force.  This  force  is  directed  towards  the 
centre  of  the  circle,  and  may  be  regarded  as 
constant  in  magnitude  and  direction,  during  the  indefinitely 
short  time  At. 

Hence,  if/ denote  its  acceleration,  we  have,  by  Art.  36, 

QN=if[Aff. 
But,  in  the  limit,     FN'  =  2QN.FC, 
where  C  is  the  centre  of  the  circle ; 

.-.     r\Atf=2QN.PC. 
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Hence  /=  — .  (1) 

■Or,  the  centrifugal  acceleration  f  is  a  third  proportional  to  the 
radius  of  the  circle  and  the  velocity  qf  the  particle^ 

The  centrifugal  force  is  accordingly  represented  by  -         . 

If  it  be  required  to  calculate  the  pressure  in  pounds  due 

W 

to  the  centrifugal  force,  we  substitute  —  for  m,  and  the  pre- 

W  V^ 
ceding  expression  becomes -. 

Since  the  centripetal  force  is  always  directed  to  the  centre 
of  the  circle,  and  is  consequently  at  right  angles  to  the  direction 
of  motion,  it  has  no  effect  in  altering  the  velocity  of  the  mov- 
ing particle.  Hence,  if  no  other  force  act  on  the  particle,  its 
velocity  will  be  constant  during  the  motion. 

Conversely,  if  a  particle  m  describe  a  circle  of  radius  r, 
with  a  uniform  velocity  V,  we  infer  that  the  resultant  of  all 
the  forces  which  act  on  it  passes  through  the  centre  of  the 

circle,  and  is  represented  by . 

Again,  as  the  velocity  in  the  circle  is  uniform,  if  Tdenote 
the  number  of  seconds  in  which  the  circumference  is  described, 

we  have  F=-^. 

Hence,  in  this  case,  we  have 

/=47r=^.  (2) 

Consequently,  in  uniform  circular  motion,  the  centrifugal 
force  varies  directly  as  the  radius  of  the  circle,  and  inversely 
as  the  square  of  the  time  of  revolution. 

Again,  if  w  be  the  angular  velocity  of  the  radius  CP,  we 

have  (»>=  —  :  accordingly,  in  terms  of  the  angular  velocity 

and  the  distance,  we  have 

/=a,V.  (3) 
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Examples. 

vl.  Calculate  the  centripetal  acceleration  of  a  particle  which  moves  in  a 
circle  of  5  feet  radius  with  a  velocity  of  10  feet  per  second.  Ans.  20. 

^.  2.  A  particle  performs  20  revolutions  per  minute  in  a  circle  of  1  foot  cir- 
cumference:  find  its  centrifugal  acceleration.  Ans.  -6981. 

3.  A  body  of  1  lb.  mass  revolves,  in  a  horizontal  plane,  at  the  extremity  of 
a  string  10  feet  long,  so  as  to  make  a  complete  revolution  in  2  seconds  ;  find  the 
tension  of  the  string  in  pounds.  ^        IOtt^ 

Ans.  . 

9 

4.  A  railway  carriage  of  1  ton  weight  is  moving  at  the  rate  of  60  miles  an 
hour  round  a  curve  of  1210  feet  radius :  find  the  centrifugal  pressure  on  the 
rails.  Ans.  448  lbs. 

6.  In  the  last  example,  find  how  much  the  outer  rail  should  be  raised  in 
order  that  the  total  pressure  should  be  equally  distributed  between  both  the  rails^ 
the  distance  between  the  rails  being  4  feet.      Ans.  9|  inches,  approximately. 

91.  Circular  Orbits. — In  the  case  of  uniform  circular 

motion,  since  the  centrifugal  force  acting  on  the  particle  at 

each  instant  is  directed  from  the  centre  of  the  circle,  we  may 

suppose  the  particle  to  be  kept  in  its  circular  orbit  by  the- 

action  of  an  attractive  force  always  directed  to  the  centre 

r 
of  the   circle,   and   whose   acceleration  is  47r^  — .     Hence^ 

if  the  magnitude  of  the  acceleration  directed  to  a  fixed 
centre  of  force  be  known,  we  can  determine  the  conditions- 
that  a  particle  should  describe  a  circle,  having  the  fixed 
point  as  its  centre.  For,  if/ be  the  acceleration  caused  by 
the  central  force  at  the  distance  r  of  the  particle,  we  have- 

f  =  —,  and  therefore  v  =  ^//r.     This  determines  the  velocity 
r 

at  each  point  in  the  circle. 

Conversely,  if  the  particle  be  projected  at  the  distance  r 
from  the  centre  of  force,  at  right  angles  to  the  radius  vector, 
with  a  velocity  v  =  '^/r,  it  will  proceed  to  describe  a  circle 
freely  round  the  centre  of  force. 

27rr 
Also,  the  time  T  of  describing  the  circle  will  be ,  or 

r=  2; 


■4 
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For  example,  if  the  attractive  force  be  directly  propor- 
tional to  the  distance,  we  have  /  =  fxr,  where  ju  is  some  con- 
stant ;  and  consequently,  in  this  case, 

r=-^.  (4) 

Hence,  for  this  law  of  attraction  the  time  of  revolution 
in  a  circular  orbit  is  independent  of  the  distance;  and  we 
infer  that  the  times  of  revolution  for  all  circular  orbits  round 
the  same  centre  of  force  are  equal. 

Again,  let  the  attraction  vary  inversely  as  the  square  of 

the  distance  from  the  centre,  that  is  to  say  let/=  — . 

In  this  case  the  velocity  in  the  circular  orbit  is  represented 

by   /-,  and  the  time  of  revolution  by  2it   /— .    Hence  we  see 

that  in  different  circular  orbits  round  the  same  centre  of 
force  (which  varies  as  the  inverse  square  of  the  distance),  the 
squares  of  the  ijeriodic  times  vary  as  the  cubes  of  the  distances 
from  the  centre  of  force. 

This  establishes  Kepler's  Third  Law  for  circular  orbits. 

The  preceding  are  particular  cases  of  general  results  con- 
nected with  the  problem  of  Central  Forces,  which  will  be 
treated  of  in  a  subsequent  Chapter. 

92.  Centrifugal   Force  at  Earth's    Equator. — We 

now  proceed  to  consider  the  centrifugal  force  arising  from 
the  rotation  of  the  Earth  on  its  axis. 

Let  r  be  the  number  of  feet  in  the  Earth's  radius  ;  T  the 
number  of  seconds  in  the  time  of  a  complete  rotation  on  its 
axis ;  /  the  acceleration  due  to  centrifugal  force  at  the  Equa- 
tor ;  then  we  have 

The  most  convenient  method  of  determining /is  by  compar- 
ing its  value  with  that  of  g  at  the  Equator :  thus 


9  ~  gT 


(5) 
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Substituting  their  numerical  values  for  tt,  r,  g,  and  T,  we 
find,  to  the  nearest  integer, 

g  =  288/ 

Again,  as  the  centrifugal  force  tends  to  diminish  the  action 
of  gravity,  it  should  be  added  to  the  observed  value  of  g  to 
obtain  the  true  acceleration  due  to  the  Earth's  attraction  at 
the  Equator. 

Hence  we  have       G  =  g  +f=  289/, 

•••    ^=289'  (^) 

or,  the  centrifugal  force  at  the  Equator  is  the  289th  part  of 
the  Earth's  attraction  at  the  same  place,  approximately. 

It  is  easy  from  this  result  to  determine  what  the  time  of 
the  Earth's  rotation  should  be  in  order  that  bodies  should 
have  no  weight  at  the  Equator. 

For  let  T  be  the  time  required,  then  the  corresponding 

47r'r 
centrifugal  acceleration  would  be  -=y^ ; 

hence  ^  =  G^  =  289  .  -— ; 

T 

Accordingly,  if  the  Earth  were  to  rotate  17  times  faster  than 
it  does  bodies  would  lose  all  their  weight  at  the  Equator. 

Hence  also  we  infer  that  if  a  body  revolve  around  the 
Earth  in  a  circle,  near  its  surface,  and  subject  to  its  attrac- 
tion solely,  it  should  travel  round  the  circumference  of  its 
-circular  orbit  in  the  17th  part  of  a  day. 

93.  Verification  of  the  l<aijv  of  Attraction. — The 
last  result  can  be  applied  to  verify,  by  a  rough  calculation, 
the  fact  that  the  Moon  is  retained  in  her  orbit  by  the  attrac- 
tive force  of  the  Earth  ;  the  law  of  force  being  the  inverse 
square  of  the  distance  from  the  Earth's  centre ;  and  the 
Moon's  path  being  assumed  to  be  a  circle  having  the  centre 
of  the  Earth  as  its  centre. 
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For  let  R  denote  the  distance  of  the  centre  of  the  Moon 
from  the  Earth's  centre;  T  her  periodic  time  expressed  in 
days  ;  T  that  of  a  hody  revolving  round  the  Earth  close  to 
its  surface. 

Then,  by  Art.  91,  we  have 

T' :  r'  =  R' :  r\  (8) 

Now,  assuming  the  Moon's  distance  from  the  Earth's 
centre  to  be  60  times  the  Earth's  radius,  as  found  approxi- 
mately by  observation,  we  have  i2  =  60  r. 

Hence  T^T  60*  =  60^^60  ; 


but,  by  the  last  Article,  T'  =  —  (since  the  times  T,  T'  are  ex- 
pressed in  days). 
Hence 


^    60      _ 
^=17^60, 


This,  when  calculated,  gives  approximately 

r=  27-3387  days. 

The  near  agreement  (within  24  minutes)  of  this  result  with 
the  mean  value  of  T  as  obtained  by  observation,  viz., 
27'3216  days,  affords  a  strong  confirmation  of  the  Law  of 
Gravitation.  When  more  accurate  values  are  substituted, 
and  all  the  circumstances  of  the  problem  taken  into  account, 
the  calculated  agrees  completely  with  the  observed  result. 
94.  Tangential  and  ;Kormal  Components. — Let  0 

represent  any  place,  of  latitude  A,  on 
the  Earth's  surface,  supposed  spheri- 
cal: OiV"  the  perpendicular  drawn  from 
0  to  the  Earth's  axis,  FF. 

Then  the  centrifugal  acceleration 
at  0  is  in  the  direction  NO  pro- 
duced ;  and  its  amount  is  represented 

by 


^T^NO       477  V  cos  X 


rrt 


or 


=/cosA, 


where /denotes  the  centrifugal  acceleration  at  the  Equator^ 
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The  centrifugal  force  along  NO  can  be  resolved  into  two 
components ;  one  along  CO  produced,  the  other  in  the  tan- 
gential direction. 

These  are  plainly  represented  by  /cos^A,  and/cosX  sin  A, 

,       G^cos'^A          6fcosAsinA    mu      i»    i.    i« 
respectively ;    or  by    ——77 — ,  and -^r^^ .   The  effect  of 

the  former  is  to  diminish  the  Earth's  attraction  as  before. 

Hence  for  the  actual  value  of  g  at  any  latitude  A,  assum- 
ing the  Earth  an  exact  sphere,  we  get 

G^cos'A      ^[^      cos'^AX  .  . 
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This  result  has  to  be  modified  when  the  spheroidal  form  of 
the  Earth  is  taken  into  account. 

The  tangential  component  of  the  centrifugal  force  vanishes 
at  the  Equator  and  also  at  the  poles.  For  intermediate  places 
it  varies  as  sin  2A,  and  has  its  greatest  value  at  45°  latitude, 
where  it  is  equal  to  half  the  centrifugal  acceleration  at  the 
Equator. 

Examples. 

1 .  Calculate  tlie  diminution  of  gravity  due  to  centrifugal  force  at  a  latitude 
of  45°. 

2.  Calculate  the  tangential  component  for  the  same  case. 

3.  Calculate  the  centrifugal  acceleration  at  the  equator  of  the  planet  Mer- 
cury, its  radius  being  1570  miles,  and  time  of  revolution  24^  5»».     Ans.   -0435. 

95.  Rotation  of  a  Rigid  Rody. — If  a  rigid  body  be 
conceived  to  turn  round  a  fixed  axis,  each  of  its  points  will 
describe  a  circle,  having  its  centre  on  the  axis  of  revolution. 
Also,  since  every  line  in  the  body  that  is  perpendicular  to  the 
axis  turns  through  the  same  angle,  the  angular  velocity  of 
each  point  of  the  rigid  body  will  be  the  same  at  any  instant. 
This  instantaneous  angular  velocity  is  called  the  angular 
velocity  of  the  body,  and  it  is  plainly  the  same  as  the  velocity 
of  any  point  in  the  body  which  is  at  the  unit  of  distance  from 
the  fixed  axis. 

If  the  angular  velocity  at  any  instant  be  represented  by 
w,  the  velocity  of  a  point  whose  distance  from  the  axis  is  p  is 
represented  by  ^w. 
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96.  If  a  plane  lamina  rotate  about  a  fixed  axis  at  right 
angles  to  its  plane,  the  centrifugal  forces  of  the  different  elements 
of  the  lamina  are  equivalent  to  a  single  force,  passing  through  its^ 
centre  of  mass,  and  which  is  the 
same  as  if  the  entire  mass  icere  con- 
centrated  at  that  point. 

Let  the  plane  of  the  paper 
represent  that  of  the  lamina ;  and 
take  the  point  0,  in  which  the 
fixed  axis  meets  the  plane,  as  the 
origin  of  a  pair  of  fixed  rectangu- 
lar axes  OX  and  OY. 

Suppose  w  to  be  the  angular  velocity  of  the  lamina  at 
any  instant ;  then,  since  each  point  in  the  lamina  describes 
a  circle  round  0,  the  centrifugal  forces  for  all  its  elements 
pass  through  that  point ;  these  forces  accordingly  are  equiva- 
lent to  a  single  force.  To  find  the  value  of  this  single 
resultant;  let  OP  =  r,  and  let  d^n  denote  the  mass  of  an 
element  at  the  point  P;  then  the  centrifugal  force  of  the 
element  is  w^rdm,  acting  along  the  line  OP  produced.  This 
force  can  be  decomposed  into  two,  uy^xdm  and  w^  2^  c?m,  parallel 
to  the  axes  of  x  and  y  respectively. 

Suppose  the  centrifugal  forces  of  the  other  elements  re- 
solved in  like  manner,  then  the  entire  system  is  equivalent 
to  the  forces  w^  ^x  dm  and  w^  ^y  dm,  parallel  to  OX  and  0  Z". 
But 

Sd?  dm  =  Mx,     Sy  dm  =  My, 

where  x,  y  are  the  coordinates  of  the  centre  of  mass  of  the 
lamina. 

Hence  the  resultant  of  the  entire  system  of  centrifugal 
forces  is  the  same  as  that  of  the  two  forces 

ui^Mx    and     tj'^My; 

or  to  the  single  force  a>^  Md,  where  d  denotes  the  distance  of 
the  centre  of  mass  of  the  lamina  from  the  fixed  axis. 

97.  A  similar  theorem  holds  for  any  uniform  rigid  body 
turning  round  a  fixed  axis,  provided  the  body  has  a  plane  of 
symmetry  passing  through  the  axis. 

For  the  body  may  be  conceived  divided  into  a  number  of 


96 
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indefinitely  thin  parallel  plates,  by  planes  perpendicular  to- 
the  fixed  axis,  and  the  preceding  theorem  holds  for  each  of 
these  plates  or  laminae. 

Again,  if  mi,  m^,  m^,  .  .  .  &c.,  denote  the  masses  of  the 
plates ;  and  jOi,  ^2,  Ps,  -  •  -  &c.,  the  distances  of  their  respective 
centres  of  mass  from  the  fixed  axis;  then  as  the  body  is 
supposed  uniform  and  symmetrical,  the  centres  of  mass  of  each 
of  the  plates  all  lie  in  the  plane  of  symmetry  ;  therefore  the 
forces  u)^mipi,  ^^^2^2,  • . .  &c.,  form  a  system  of  parallel  forces. 
They  consequently  have  a  single  resultant,  equal  to  their 
sum,  or  to  w'^Md,  where  IT  denotes  the  mass  of  the  body,  and 
d  the  distance  of  its  centre  of  mass  from  the  axis  of  rotation. 

Hence,  the  stress  on  the  fixed  axis  produced  by  the  cen- 
trifugal force  is  in  this  case  represented  by  uy^Md. 

If  the  fixed  axis  pass  through  the  centre  of  mass,  the 
stress  on  the  axis  becomes  a  momental  stress  or  a  couple  :  as 
will  be  shown  also  in  the  following  Article. 

98.  Centrifugal  Forces  arising  from  Rotation  for 
a  Rigid  Body. — Next  let  us  consider  the  case  of  any  rigid 
body  rotating  round  a  fixed  axis.  Suppose  a  plane  drawn 
through  the  centre  of  mass,  per- 
pendicular to  the  fixed  axis,  and 
meeting  it  in  the  point  0.  Take 
0  as  the  origin,  the  fixed  axis  as 
that  of  s,  and  two  rectangular  axes 
as  those  of  x  and  y,  respectively. 
Let  dm  denote  an  element  of 
mass  at  the  point  P,  whose  co- 
ordinates are  x,  y,  z  ;  then,  by 
Art.  96,  the  centrifugal  force  for 
the  element  dm  is  equivalent  to 
the  forces,  iJ^xdm  and  (ty^ydm, 
acting  at  P,  parallel  to  OX  and  z 
OZ,  respectively. 

Transferring  these  forces  to  the  point  N,  they  are  equiva- 
lent to  the  forces  w^xdm,  ud'ydtyi,  parallel  to  OX  and  OY \ 
along  with  the  couples  (jj^xzdmy  M^yzdm,  parallel  to  the  planes 
XZ  and  YZ,  respectively.  The  resultant  of  the  forces 
vo^xdm,  (D^ydm,  acting  at  iV,  is  obviously  directed  to  0 ;  and 
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consequently  if  it  be  transferred  to  0,  it  can  be  resolved  into 
ui^xdm  and  iJ^ydm,  acting  along  OK  and  0  Y,  respectively. 

If  each  centrifugal  force  be  resolved  in  like  manner,  the 
whole  system  is  equivalent  to  the  forces 

tj^^xdm    and     iJ^^ydm, 
or  to  tx)^Mx        and     la^My, 

acting  along  OX  and  OF,  respectively;  together  with  the 
couples  (jj^^xzdm,  (xy^^yzdm,  acting  in  the  planes  of  XZ  and 
YZ,  respectively. 

If  the  fixed  axis  be  a  principal  axis  relative  to  the  point  0 
{Int.  CalCy  Art.  214),  we  have 

^xzdm  =  0,     and     ^yzd?n  =  0. 

Hence,  in  this  case  the  strain  on  the  axis  produced  by  the 
rotation  is  the  same  as  if  the  entire  mass  was  concentrated  at 
the  centre  of  mass  of  the  rigid  body. 

If,  further,  the  fixed  axis  be  one  of  the  principal  axes 
passing  through  the  centre  of  mass  of  the  body,  the  cen- 
trifugal forces  arising  from  the  rotation  produce  no  strain  on 
the  fixed  axis.  And  accordingly,  if,  from  any  cause,  a  rigid 
body  commence  to  rotate  about  such  an  axis,  it  will  continue 
to  rotate  permanently  round  the  axis,  provided  the  only 
external  force  be  that  of  gravity. 

For  example,  if  we  suppose  a  homogeneous  sphere,  whose 
centre  is  fixed,  to  receive  any  impulse,  it  will  commence  to 
rotate  around  some  one  of  its  diameters  ;  and,  as  every  dia- 
meter is  in  this  case  a  principal  axis,  it  follows,  from  the 
preceding,  that  it  will  continue  to  revolve  permanently  round 
that  axis,  if  we  suppose  no  external  force  but  gravity  to  act 
on  it. 

On  account  of  the  property  established  above,  it  is  of  im- 
portance, in  order  that  any  machine  should  work  smoothly, 
that  the  centre  of  mass  of  any  wheel,  or  portion  which  ro- 
tates rapidly,  should  lie  on  the  axis  of  rotation,  which  should 
be  a  principal  axis ;  for  otherwise  the  centrifugal  forces  would 
cause  strong  disturbing  vibrations. 

The  theorems  of  this  section  are  particular  cases  of  im- 
portant general  results,  which  will  be  discussed  in  a  subse- 
quent chapter. 
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Examples. 

1.  A  string  of  5  feet  length  is  just  capable  of  supporting  a  weight  of  10  lbs.  ; 
find  the  greatest  number  of  revolutions  per  minute  that  a  weight  of  4  lbs.  attached 
to  tbe  extremity  of  the  string  is  capable  of  making  in  a  horizontal  plane  M'ithout 
breaking  the  string.  Ans.  38. 

2.  A  mass  of  8  lbs.  is  suspended  from  the  extremity  of  a  string  10  feet  long ; 
find  the  least  velocity  tbat  should  be  given  to  it  in  order  to  break  the  string,  if 
its  breaking  tension  be  12  lbs.  Ans.  12*64  feet  per  second. 

3.  Two  balls  weighing  6  lbs.  each  are  fixed  at  the  extremities  of  a  rod  of 
10  feet  length,  which  revolves  100  times  in  a  minute  around  a  central  vertical 
axis  ;  find  the  tension  of  the  connecting  rod.  Ans.  102  lbs. 

4.  If  two  equal  bodies  moving  on  a  rough  horizontal  plane  be  connected  by 
a  string  of  invariable  length  a,  but  without  weight ;  find  the  longest  time  that 
one  can  continue  to  move  after  the  other  has  been  stopped  by  friction. 


Ans. 


where  fx  is  the  coefficient  of  friction. 


5.  A  bodym  sliding  on  a  perfectly  smooth  horizontal  table  is  connected  by  a 
string  passing  through  a  smooth  hole  in  the  table,  with  another  body  m'  which 
hangs  freely  ;  find  the  condition  that  w'  should  remain  at  rest,  and  also  the  time 
of  revolution  of  m  in  its  circular  path,  supposed  of  radius  a. 

Ans.  Velocity  of  m  should  be    /^^^^  :  time  of  revolution 


i- 


27r    h!^. 


6.  If  a  body,  attached  at  its  centre  of  mass  to  one  end  of  a  string  of  length 
r,  the  other  end  of  which  is  attached  to  a  fixed  point  on  a  smooth  horizontal 
plane,  makes  n  revolutions  per  second ;  prove  that  the  tension  of  the  string  is  to 
the  pressure  on  the  plane  as  4^^  n^r  to  g. 

Prove  that  at  the  Equator  a  shot  fired  westward,  with  velocity  8333,  or  east- 
ward, with  velocity  7407  metres  per  second,  will,  if  unresisted,  move  horizon- 
tally round  the  earth  in  one  hour  and  twenty  minutes,  and  one  hour  and  a-half 
respectively.  Camb.  Trip.,  1878. 

7.  A  rigid  body  of  any  form  revolves  freely  round  an  axis  fixed  in  space  : 
required  the  conditions  under  which  the  centrifugal  forces  of  its  several  elements 
will  have — [a)  no  resultant ;  {b)  a  resultant  pair ;  (c)  a  resultant  single  force  ; 
{d)  a  resultant  pair  and  single  force.  Lloyd  Exhib.,  1872. 

Section  III. — Motion  in  a  Vertical  Circle. 

99.  Telocity  in  a  Smootb 
Tertieal  Curve. — Before  the  dis- 
cussion of  motion  in  a  circle  we 
shall  consider  some  properties  of 
the  motion  of  a  particle,  under  the 
action  of  gravity,  on  any  vertical 
curve. 

Take  OX  a  horizontal,  and 
OF  a  vertical  line  in  the  plane  as 
axes  of  coordinates ;  and  suppose 
X,  y  the  coordinates  of  P,  the  position  of  the  particle  at  the 


Y 
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^ 
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end  of  any  time  t.  Let  A  be  its  position  when  ^  =  0,  and  let 
AP=s',  then,  by  Art.  43,  the  acceleration  along  the  curve  at 
P  is  represented  by 

.    .  dy 

Hence  we  have  7P  ^  ~  ^  7~*  (^) 

Multiply  by  2dsy  and  integrate  ;  then 
«^'  =  f^j  =  -2^^  +  const. 

Let  2/o  =  AB,  and  Vo  =  velocity  at  A,  then 

Vo^  =  -  2gyo  +  const. ; 

therefore  v"^  -  v^  =  2g  [ijo  -  y).  (2) 

Again,  if  AR  be  measured  upwards  =  A,  the  height  due 
to  the  velocity  Vq,  and  RD  be  drawn  parallel  to  the  axis  of  x ; 
then 

v'  =  2g{h-\-yo-y)-2gPL,  (3) 

Consequently  the  velocity  at  any  point  P  is  the  same  as  that  \\ 
acquired  in  falling  from  the  horizontal  line  DR.  ' 

This  is  an  extension  of  the  result  given  in  Art.  49,  and  is 
itself  a  case  of  the  general  principle  of  work  which  shall  be 
treated  of  in  the  next  chapter  [see  Art.  132). 

100.  Motion  in  a  Vertical  Circle. — If  a  particle  be 
constrained  to  move  in  a  vertical  circle  under  the  action  of 
gravity,  its  velocity  at  any  point,  by  (2) ,  is  the  velocity  due  to 
falling  through  a  certain  height  from  a  certain  horizontal  line, 
or  level.  The  motion  will  be  one  of  complete  revolution  if 
this  right  line  lies  altogether  outside  the  circle.  If  the  line 
cut  the  circle  the  motion  will  be  oscillatory.  "We  proceed  to 
consider  the  latter  case  in  the  first  instance.  In  this  case 
we  may  either  consider  the  particle  as  moving  in  a  smooth 
circular  tube,  or  as  attached  by  an  inextensible  string  to  a 
fixed  point  in  the  centre  of  the  circle,  the  weight  of  the  string 
being  neglected. 
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When  the  arc  in  which  the  oscillation  has  place  is  but  a 
small  portion  of  the  circumference  we  get  what  is  called  a 
simple  pendulum.  From  this  statement  the  student  will 
Bee  that  a  simple  pendulum  can  only  be  approximately  repre- 
sented. However,  a  small  leaden  ball  suspended  from  a 
fixed  point  by  a  very  fine  wire  may  be  regarded  approxi- 
mately as  a  simple  pendulum. 

7  101.  Sfimple  Pendulum. — Let  C  be  the  centre  of  the 
circle ;  0  its  lowest  point ;  A  the  point 
from  which  the  particle  may  be  sup- 
posed to  start ;  P  its  position  at  the 
end  of  any  time  t ;  v  the  corresponding 
velocity, 

e  =  LPCo,  a=iAco, 

estimated  in  circular  measure, 

s^AP,  1=  oa 

Then,  since  the  velocity  at  P  is  that  due  to  falling  from 
a  horizontal  line  drawn  through  A,  we  have 

v^  =  2gl  (cos  0  -  cos  a) ; 


but 


therefore 


ds 
Jt 

dt^ 


■'■(; 


2^ 
I. 


dt)  '■ 
[cos  9  -  cos  a) 


4g  f  .  -a 


.  .0 

sm\-  1. 


Consequently 


dd 

dt 


^-'ilJ^^'l 


sm-. 


Again,  since  in  the  motion  from  A  to  Oy  0  diminishes  as 
t  increases,  —  is  negative.     Accordingly  we  have 


dO 
dt 


iiJ 


sm' 


sm' 


0 
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HeBceweget      ^jf-f      ,     ^^     .  ^,-  W 

102.  Time  of  a  Small  OsclUatloii. — The  preceding 
definite  integral,  which  represents  the  time  of  describing  a 
circular  arc,  cannot  be  expressed  in  finite  terms  by  means  of 
the  ordinary  algebraic  or  trigonometrical  functions ;  however, 
when  the  amplitude  of  the  oscillation  is  small  we  can  easily 
get  an  approximate  value  for  t,  as  follows : — When  a  is  so 
small,  that  we  may  neglect  powers  of  a  and  0  beyond  the 
second,  we  have 


Hence  (4)  becomes 


d' 


cos  M  - 


No  constant  is  added  as  0  =  a  when  ^  =  0.     Consequently 
we  have 


e^^acosljt.  (5) 

Accordingly  0  is  a  simple  harmonic  function  of  the  time 
(Art.  88). 

Again,  when  0  =  0,  we  have  Jj  ^  =  h  5  hence  the  time  of 

descent  to  the  lowest  point  is  represented  ^7  nj~- 

The  particle,  after  arriving  at'  the  lowest  point,  plainly 
moves  up  the  other  side  of  the  arc,  and  if  the  whole  time  of 
a  small  oscillation,  expressed  in  seconds,  be  denoted  by  T,  we 
have 

.      T^.JL  (6) 

Since  this  expression  is  independent  of  a,  it  follows  that 
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tlie  time  of  a  small  oscillation  is  the  same  for  all  arcs  of  vibra- 
tion in  the  same  circle.  From  this  property  the  vibrations  of 
a  pendulum  are  said  to  be  isochronous.  Also  the  time  of  a 
small  oscillation  at  any  place  varies  as  the  square  root  of  the 
length  of  the  pendulum. 

103.  The  iSeconds  Pendulum. — A  pendulum  which 
oscillates  once  in  every  second  is  called  a  seconds  pendulum. 
If  L  be  its  length,  since  the  corresponding  value  of  T  is 
unity,  we  have 

g-^'L.  (7) 

Hence  the  value  of  g  can  be  determined  for  any  place 
whenever  the  corresponding  value  of  L  is  obtained. 

This  gives  the  most  accurate  method  of  finding  the  value 
of  g  at  any  place,  since  that  of  L  can  be  determined  with 
great  accuracy  by  observation. 

Any  rigid  body  made  to  vibrate  about  a  fixed  horizontal 
axis  is  called  a  compound  pendulum .  It  will  be  shown  sub- 
sequently {see  Art.  135)  that  in  every  such  case  there  is  an 
equivalent  simple  pendulum  which  would  vibrate  in  the  same 
time  as  the  actual  pendulum  under  consideration.  This  cir- 
cumstance renders  the  consideration  of  the  ideal  pendulum 
above  discussed  of  the  utmost  practical  importance. 

The  length  of  a  seconds  pendulum  at  London  is  found  to 
be  39-1416  inches,  approximately ;  hence  the  corresponding 
value  of  ^  is  32-1908  feet. 

Pendulum  observations  furnish  the  most  accurate  proof  of 
the  fact  that  the  force  of  gravity  acts  with  equal  intensity 
on  all  substances,  as  it  will  be  seen  that  the  length  of  the 
simple  pendulum  equivalent  to  any  compound  one  depends 
merely  on  the  shape  of  the  latter,  but  not  on  its  inaterial, 
provided  it  be  homogeneous. 

Again,  if  T,  jT'  be  the  times  of  small  oscillation  for  two 
pendulums  of  diiferent  lengths,  I  and  /';  and  if  n  and  n'  be 
the  number  of  their  respective  vibrations  in  the  same  time 
(a  day  suppose),  we  shall  have 

n     r     IF 

Hence,  if  the  length  /  of  any  simple  pendulum  be  known^ 
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and  also  tlie  number  n  of  its  vibrations  in  a  day,  the  length 
L  of  the  seconds  pendulum  at  the  place  can  be.  calculated. 
For,  since  the  number  of  seconds  in  a  day  is  86400,  we  have, 
from  formula  (8), 


V8640oJ 


'l  (9) 


The  time  T  of  vibration  of  a  pendulum  varies  either — 
(1)  by  altering  the  length  /  of  the  pendulum,  or  (2)  by 
changing  the  place  of  vibration.  We  shall  consider  these 
causes  independently. 

104.  Change  of  licngth. — Adopting  the  same  notation 
as  before,  we  get 


hence 


n'       V 

n'  -  n'' 

V  -I 

n'"- 

r  -I 


n  +  u 


When  the  change  in  length  is  a  very  small  fraction  of 
the  whole  length,  7i  and  7i^  are  nearly  equal,  and  we  have, 
approximately. 


n'' 

n 

n  +  n' 

2' 

Lse, 

n 

A/ 

-  n  = 

2 

I 

Accordingly,  in  this  case, 

(10) 

where  Al  denotes  the  change  of  length  of  the  pendulum. 

If  the  pendulum  be  lengthened,  i.e.  if  Al  he  positive, 
71-  n^  is  positive,  and  hence  the  number  of  vibrations  in  a 
given  time  is  diminished  when  the  length  of  the  pendulum  is 
increased,  as  is  otherwise  evident. 

In  the  case  of  a  seconds  pendulum  we  substitute  L  for  I 
in  the  preceding  ;  and  since  n  =  86400,  we  get  for  the  dimi- 
nution in  the  number  of  vibrations  in  a  day, 

43200  ^. 
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Hence  we  can  determine  the  number  of  seconds  gained 
or  lost  by  a  seconds  pendulum  in  a  day  when  its  length  is 
slightly  altered. 

As  bodies  in  general  expand  slightly  with  an  increase  of 
temperature,  an  ordinary  clock  should  go  slower  in  hot 
weather,  and  faster  in  cold.  The  different  methods  of 
compensation  for  correcting  the  error  arising  from  this 
cause  will  be  found  in  practical  treatises  on  the  subject. 
The  amount  of  expansion  for  an  increase  of  temperature  for 
different  substances  has  been  accurately  determined,  and 
registered  in  Tables. 

If  J\L  denote  the  change  in  the  length  of  a  seconds  pen- 
dulum arising  from  this  cause,  the  corresponding  loss  or  gain 
can  be  determined  by  (10). 

We  add  a  few  examples  for  illustration. 

Examples. 

1.  Calculate  the  length  of  a  pendulum  beating  seconds  in  London,  assuming 
i^  =  32-19. 

2.  If  the  bob  of  a  seconds  pendulum  be  screwed  up  one  turn,  the  screw 
being  32  threads  to  the  inch  ;  find  the  number  of  seconds  it  should  gain  in  the 
day  in  consequence,  assuming  i  =  39-14  inches.  Ans.  34-7  seconds. 

3.  A  heavy  ball,  suspended  by  a  fine  wire,  makes  885  oscillations  in  an 
hour.  Find  the  length  of  the  wire  approximately,  assuming  the  length  of  the 
seconds  pendulum  to  be  39-14  inches.  Ans.  54  feet. 

4.  Find  the  error  in  one  day  produced  by  an  increase  of  15''  F.  of  tempera- 

Al  1 

ture  in  a  steel  seconds  pendulum ;  assuming  that  —  for  10"  F.  =  . 

Ans.   4-15  seconds. 
6.  A  seconds  pendulum  is  lengthened  i^oth  of  an  inch ;  find  the  number  of 
seconds  it  will  lose  in  one  day.  Ans.  110-4. 

105.  Change  of  Place. — The  acceleration  g  varies* 
from  place  to  place,  and  consequently  the  number  of  vibra- 

*  For  places  at  the  sea  level,  this  arises  from  two  causes — one,  the  variation 
of  centrifugal  force  already  considered  (Art.  94)  ;  the  other,  that  the  Earth  is 
not  an  exact  sphere,  but  is  more  nearly  an  oblate  spheroid  of  revolution  round 
its  axis  of  rotation.  From  each  of  these  it  arises  that  the  value  of  g  diminishes 
in  proceeding  from  the  pole  to  the  equator.  It  was  from  the  observation  by 
Richer,  in  1672,  that  a  clock  lost  two  minutes  daily  when  taken  to  Cayenne, 
lat.  5°  N.,  and  that  when  the  corrected  pendulum  was  brought  back  to  Paris 
it  gained  an  equal  amount,  that  the  variation  of  the  force  of  gravity  on  the 
Earth's  surface  was  first  established.     The  explanation  is  due  to  Huygens. 
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tions  in  a  given  time  will  vary  with  the  place  for  the  same 
pendulum. 

Suppose  n  and  ri  to  represent  the  number  of  vibrations 
made  in  one  day  by  the  same  pendulum  at  two  places,  at 
which  g  and  g'  are  the  corresponding  accelerations,  we  have 

!!l  =  ^=    \l     or  !^  =  ^ 
n      T      \g'  n"      g' 

Hence,  as  before,  for  one  and  the  same  pendulum, 

From  this,  if  L  and  L'  be  the  lengths  of  the  seconds 
pendulum  at  the  two  places,  we  get 

It  is  shown  by  theory,  and  verified  by  observation,  that 
the  variation  in  the  length  of  i,  and  consequently  in  ^,  at 
the  sea  level,  is  proportional  to  the  square  of  the  sine  of 
the  latitude  (compare  Art.  94).  Thus,  if  L  denote  the  length 
of  the  seconds  pendulum  at  the  equator,  i'  that  at  latitude  X', 
we  have 

i'  =  Z  +  /wsin^V.  (13) 

Hence,  if  Lx  be  the  length  of  the  seconds  pendulum  at 
45°  latitude,  we  have  Lx  =  L  ^  -^. 

Eliminating  Z,  we  get 

Z'  =  Zi-^cos2X'.  (14) 

Again,  if  L"  be  the  length  corresponding  to  the  latitude 
A",  and  /'  the  corresponding  value  of  ^,  we  have 

^-=#^  =  ^(cos2A"-cos2X') 

=  —  sin  (X'  +  X'O  sin  (X'  -  X"),  approximately. 
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By  accurate  observation  of  the  number  of  vibrations  lost 
by  a  pendulum  which  beats  seconds  at  the  latitude  A,  when 

taken  to  a  latitude  A',  the  value  of  r=r-  can  be  determined. 

■Lti 

Such  observations  give  y  =  y77h:>   approximately,  and 

ii  =  39-118  inches. 
Hence,  we  get 

Z' =  39-118 -tV  cos  2A'. 

Again,  suppose  a  pendulum,  beating  seconds  at  any 
place,  taken  to  the  height  h  above  the  Earth's  surface  at  that 
place ;  and  let  g'  be  the  value  of  g  for  the  new  position ; 
then,  since  the  force  of  gravity  varies  as  the  inverse  square 
of  the  distance  from  the  Earth's  centre,  we  have 

^'^^  ir  +  hf  ^^\~~rr  approximately, 

where  r  denotes  the  length  of  the  Earth's  radius ;  therefore^ 

9' -9 

9  ^' 

Hence,  when  -  is  a  very  small  fraction,  the  number  of 

seconds  lost  in  a  day  by  the  seconds  pendulum  is  86400  -. 

Suppose,  for  example,  h  =  1  mile,  and  r  =  3956  miles,, 
then  the  number  of  seconds  lost  in  a  day  will  be  22,  approxi- 
mately. 

In  this  investigation  the  attraction  on  the  pendulum  of 
the  part  of  the  Earth  above  the  sea  level  has  been  neglected. 

Examples. 

1.  If  a  pendulum,  beating  seconds  at  the  foot  of  a  mountain,  lose  10  seconds 
in  a  day  when  taken  to  its  summit ;  find  approximately  the  height  of  the 
mountain,  assuming  the  radius  of  the  Earth  4000  miles,  and  neglecting  the 
attraction  of  the  mountain.  Ans.  2444  feet. 

2.  How  much  would  a  clock  gain  at  the  equator  in  24  hours  if  the  length  of 
the  day  were  doubled.  Ans.  112|  seconds,  approximately. 
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106.  Airy's  Investigatioii  of  the  Blean  Density  of 
the  Earth. — A  series  of  important  pendulum  experiments 
were  undertaken  by  Sir  Gr.  B.  Airy,  in  the  Harton  coal  mine, 
for  the  purpose  of  determining  the  mean  density  of  the  Earth. 
He  found  that  a  pendulum  beating  seconds  at  the  surface 
gained  2J  seconds  a-day  when  taken  to  the  bottom  of  the 
mine,  1260  feet  deep.  The  calculations  employed  in  arriving 
at  this  result,  and  in  determining  from  it  the  Earth's  mean 
density,  are  very  intricate  ;  they  will  be  found  in  the  Eoyal 
Society's  Transactions  for  the  year  1856. 

The  following  is  a  method  of  arriving,  approximately,  at 
the  result : — 

Let  g,  g  denote  the  accelerations  due  to  gravity  at  the^ 
surface  and  at  the  bottom  of  the  mine  ;  then,  by  equation  (11),. 
we  have 

g         43200      19200 

Again,  let  r  and  /  denote  the  distances  of  the  upper 
and  lower  stations  from  the  centre  of  the  Earth,  supposed 
spherical. 

Suppose  a  concentric  sphere  described  through  the  lower 
station,  then  the  attraction  of  the  Earth  at  the  upper  station 
may  be  regarded  as  consisting  of  two  parts — one  due  to  the 
interior  sphere,  the  other  to  the  conche  or  shell,  bounded  by 
the  two  spheres.  Again,  if  we  suppose  this  shell  to  be  of 
uniform  density,  it  exercises  no  attraction  on  the  pendulum 
at  the  bottom  of  the  mine.  This  can  be  easily  seen  from 
elementary  geometrical  considerations  (Minchin,  Statics, 
Art.  319).  Hence  the  part  of  g  due  to  the  attraction  of  the 
inner  sphere  is  represented  by 

9  -.' 

If /denote  the  acceleration  at  the  upper  station  due  to 
the  attraction  of  the  shell,  we  have 

Again,  let  h  represent  the  depth  of  the  mine,  then  r=r-h;. 
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and,   since  -  is  very  small,  we  nave  —  =  1 ,  approxi- 
mately. 

Accordingly  we  get,  from  the  preceding  equation, 

.      (2h         1     \ 
-^    \r      l9M0/ 

In  order  to  get  another  expression  for/,  let  M,  V,  D  de- 
note respectively  the  mass,  volume,  and  mean  density  of  the 
Earth ;  and  m,  v,  p  the  corresponding  quantities  for  the  shell. 
We  assume  that  the  Earth  and  the  shell  each  attract  as  if 
their  whole  mass  was  concentrated  at  their  common  centre ; 
in  this  case  we  have,  approximately, 

^       m         p   V         p  r^  -  r'^      ^    p  h 
XT  2A         1         „Ap 

Substituting  3956  miles  for  r,  and  1260  feet  for  h,  we  get 
D  =  2-625^.  (15) 

The  determination  of  the  mean  density  of  the  Earth  is 
thus  reduced  to  finding  the  value  of  p  ;  but  this  is  a  matter 
of  extreme  practical  difficulty. 

From  an  accurate  examination  of  the  mineral  components 
of  the  stratum  of  the  Earth  in  the  neighbourhood  of  the 
mine,  p  was  calculated  by  Airy  to  be  2  J  times  the  density  of 
water.  This  would  give  the  mean  density  of  the  Earth 
about  Q'QQ,  assuming  that  of  water  as  unity. 

Professor  Haughton  calculated  2*059  as  the  value  of  p 
{PhiL  Trans.,  July,  1856),  adopting  as  his  basis  Humboldt's 
investigations  of  the  mean  heights  of  Continents  on  the  Earth's 
surface,  and  Rigault's,  on  the  relative  areas  of  land  and 
water.  This  would  give  5*405  as  the  value  of  the  mean 
density  of  the  Earth. 

107.  Time  of  Oscillation  in  General. — The  ampli- 
tude of  the  vibration  has  hitherto  been  considered  so  small 
that 'powers  of  a  higher  than  the  second  have  been  neglected. 
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"We  now  proceed  to  find  a  general  expression  for  the  time  T 
of  vibrations  for  any  amplitude. 

From  (4),  since  J  T  represents  the  time  to  the  lowest  point 
on  the  circle,  we  get 

T-  /if       '^^ 
"V^J»  \..a    .  .e  (16) 


Now,  assuming*  sin  -  =  sin  rr  sin  cp,  we  get 

dO  2dci>  2dct> 


^sm^^  -  sm^g     cosg     ^1  -  sin^-  sm^^ 

Also,  when  0  =  0  we  have  ^  =  0 ;  and  when  0  = 
Consequently       T  =  2  J-  (' ^^ . 

a  we  have 

(17) 

Again,  substitute  ¥  for  sin'^  -  ;  then,  since 

(1  -  ¥  sin'  ^)"^  =  1  +  ^  ^'  ™'^  +  \^  ^^'  sinV 

13   5 

+     '     '    /t;^sin^0  +  &c., 

and  (/?^^f.  (7«^c.,  Art.  93), 


I 


'.  ,„   ^      1.3.5...f2m-l)7r 
..""""^'^^  =  2.4.6...     2»,       2' 
we  get 

*  This  assumption  is  obviously  a  legitimate  one,  because  6  during  the  motion 
can  neyer  be  greater  than  o. 
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If  h  be  the  vertical  height  of  the  point  from  which  the 
pendulum  commences  to  descend  above  the  lowest  point  in 
the  circle,  we  have 

.  .,  a      1  -  cos  a      A 

and  the  preceding  result  becomes 

The  first  term  gives  the  value  already  arrived  at  for  a 
small  oscillation,  and  is  independent  of  the  amplitude. 

The  second  approximation,  which  is  the  one  commonly 
adopted  when  the  lowest  powers  of  the  amplitude  are-  taken 
into  account,  gives 


r.,j 


J  ('4)  « 


In  terms  of  the  semi-amplitude  a,  this  is 


-K 


in  which  a  is  taken  in  circular  measure. 

The  general  equation  (16)  is  immediately  integrable  in 
one  case,  viz.,  when  the  velocity  at  any  point  on  the  circle  is 
that  due  to  a  fall  from  its  highest  point ;  for  in  this  case  we 

have  a  =  TT,  and  therefore  sin  .r  =  1.     Equation  (4)  becomes 

in  this  case 


COS^0 

hence  we  get 

9 


.2pt; 


2  I J  t  =  log  tan  Ktt  +  9)  +  const. 

It  may  be  observed  that  in  this  case,  since  log  0  =  -  cx) , 
the  particle  would  take  an  infinite  time  to  reach  the  highest 
point  on  the  circle. 


Integration  of  —  ±  fxx  =  0. 


Ill 


Examples. 

1 .  How  is  the  value  for  the  time  of  vihration  of  a  pendulum  to  he  corrected 
when  the  length  of  the  arc  of  vihration  is  taken  into  account  ? 

2.  Apply  to  the  case  where  the  amplitude  of  vihratiou  is  120°. 
Here,  since  ^77  =  j*  we  have 


'=-^A''T,^il^^^'') 


3.  If  a  pendulum,  which  heats  seconds  for  very  small  oscillations,  he  made 
to  vibrate  through  an  arc  of  10° ;  find,  approximately,  the  numher  of  seconds 
it  should  lose  in  a  day.  *  Ans.  41. 


108.  Motion  in  a  Vertical  Cycloid. — Let  a  particle 
be  supposed  to  move  along  a  smooth  y 
cycloid,  having  its  vertex  0  at  its  lowest 
point,  and  its  axis  0  Y  vertical. 

Calling    OP   =   s,   PN  =    y,   and 
a  =  diameter  of  generating  circle. 

Then  {Diff,  Calc,  Art.  276),  we  have 

s^  =  4ay. 

Also,  from  (1), 

d's  dy         g 


df 


^7.= 


or 


d'^s      g 
df'^  2a 


2a 
0. 


s> 


(22) 


We   shall  next    consider  the   method    of  integrating   this 
equation. 

d^x 
109.  Integration  of  —^tfix  =  0. — As  differential  equa- 

d^x 
tions  of  the  form  -jw  ±  imx  =  0  are  of  frequent  occurrence  in 
at" 

physical  problems,  we  proceed  to  consider  their  solution. 
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There  are  two  cases,  according  as  tlie  upper  or  lower  sign 
is  taken. 

1st. — Let  -rj^  +  juLX  =  0. 

^  ^v  Multiplying  by  2(fcc.  and  integrating,  we  get 

V 


„  ,  +  ju:i;^  =  const. 
dtj 

dec 
To  determine  the  constant,  suppose  x  =  a  when  -77-^9 
then  the  constant  is,  plainly,  ixa^ ; 

therefore  f  —  j  =  ii((f-  x^), 

dx  /— 

Hence  .  =  v  f^^h 

^/a'  -  x^ 

X  ^"" 

or  sin~^-  ^t^/u.  +  a, 

a 

where  a  denotes  an  arbitrary  constant. 

Consequently     a;  =  «  sin  if^ii  +  a),  (23) 

where  a,  a  are  arbitrary  constants,  to  be  determined  in  each 
case  by  the  conditions  of  the  problem. 

It  may  be  observed  that  a?  is  a  simple  harmonic  function 
of  the  time  (Art.  88).     ^ 

The  preceding  solution  admits  of  being  also  written  in 
the  form 

a?  =  (7  cos  t^ix  +  C  sin  t^/^^  (24) 

where  0  and  C  are  two  arbitrary  constants. 

Either  of  the  latter  equations  may  be  regarded  as  the 
complete  integral  of  the  differential  equation 

d^x  . 


Integration  of  -r-^  ±  ^x  =^  0.  113 


2nd. —  -j^  =  plx» 


Proceeding  as  before,  we  get 

in  wMch  a  is  an  arbitrary  constant ; 


or 


^/x'  -  a' 
dx 


therefore,   t^^  +  «  •=  \-7==\  =  ^^^  (^  +  ^x'  -  a"), 
in  wbich  a  is  arbitrary. 


Hence  x  +  y^a?^  -  a^  =  e"*'''*  =  ^e'V 

where  A  is  arbitrary. 
Again,  since 


{x  +  >y/a;^  -  a^)  {x  -  ^/q^  -  a^)  =  a^ 


we  get  X  -  *yx^  -  a^  -  —  ^"^'^ 


Adding,  we  obtain 


a^ 

2x  =  Ae^'^i^  +  -T  6"'^% 
A       ' 


which  may  be  written  in  the  form 

x=  Ce*'^+C'e-*\  (25) 

when  C  and  C  are  two  arbitrary  constants,  to  be  determined, 
as  before,  by  the  conditions  of  the  problem  in  each  particular 
case. 

1 


114  Circular  Motion, 

110.  The  equation 

is  immediately  reducible  to  the  preceding,  for  it  may  be 
written 


If  we  substitute  s  f or  a;  +  -,  this  becomes  ts  +  i«2;  =  0  ; 


2   -  JULX  +  V  =  0 


consequently  we  have 

^  =  -  -  +  (7  cos  ^y^  +  C  sin  t  \/ju. 
In  like  manner  the  solution  of 

dt 
is  x  =  --¥  Ce^'li-  +  C'e-''^. 

111.  Time  of  Oscillation  in  Cycloid. — Eeturning  to 
equation  (22),  Art.  108,  and  substituting  s  for  a?,  and^  for  ju  in 
equation  (24),  we  find  for  its  integral 

,  =  ,eos;J^+c'sin<J^.  (26) 

In  order  to  determine  the  constants  c  and  c\  suppose  the 
particle  to  start  from  rest,  at  the  distance  /  from  the  ver- 
tex 0  (measured  along  the  curve)  ;  then  we  have  8  =  d 

ds 
and  —  =  0,  when  ^  =  0.     Making  these  substitutions  in  (26), 

do 
as  well  as  in  the  equation  derived  from  it  by  differentiation, 
we  get. 

c  =  s',     and    c'  =  0  ; 

therefore  s  =  «'  cos  t^^.  (27) 
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Again,  wlien  s  =  0,  we  get 


'2a 
9 


this  gives  the  time  of  descent  to  the  lowest  point, 
note  the  time  of  an  oscillation,  we  have 


T--i 


2a 


liTde- 


(28) 


Since  this  result  is  independent  of  the  length  of  the  arc  of 
vibration,  it  follows  that  the  time  of  vibration  is  the  same  for 
all  arcs  of  the  cycloid;  accordingly  the  property  of  tautochro- 
nism,  which  in  the  circle  holds  only  for  very  small  arcs,  holds 
in  all  cases  for  the  cycloid  (compare  Art.  88). 

The  foregoing  value  of  T  is  the  same  as  that  for  a  small 
oscillation  in  a  vertical  circle  of  radius  2a.  Moreover,  as  2a 
is  the  radius  of  curvature  at  the  vertex  of  the  cycloid  (Diff. 
Calc,  Art.  276),  the  duration  of  an  oscillation  in  a  vertical 
cycloid  is  the  same  as  that  of  a  small  oscillation  in  the  circle 
which  osculates  it  at  its  lowest  point ;  as  is  manifest  also  from 
other  considerations. 

It  is  readily  seen  that  the  time  of  an  indefinitely  small 
oscillation  about  the  lowest  point  in  any  plane  vertical  curve  is 
the  same  as  that  in  the  osculating  circle  at  the  lowest  point ; 

and  its  duration  is  accordingly  represented  by  tt J  -,  where  p 

denotes  the  radius  of  curvature  at  the  point. 

112.  Conical  Pendulum. — Suppose  the  pendulum,  in- 
stead of  moving  in  a  vertical  plane,  to  describe 
a  right  cone  around  a  vertical  axis;  and  let 
P  be  the  position  of  the  revolving  particle  at 
any  instant;  0  the  point  of  suspension;  PiV the 
perpendicular  let  fall  on  the  vertical  axis. 


Also  let 


OP  =  L    /LPON=e, 


Then  the  motion  of  P  may  be  considered  as 
taking  place  in  a  horizontal  circle,  whose  centre 
is  N,  and  radius  PN  or  I  sin  6. 

i2 
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Now,  in  order  that  this  motion  should  take  place,  it  is 

necessary  that  the  resultant  of  the  tension  of  the  string  and 

the  weight  of  the  particle  should  act  along  PN^  and  be  equal 

and  opposite  to  the  centrifugal  force ;  i.e.  that  the  resultant  of 

W    v^ 
the  weight  JF",  and  the  centrifugal  force,  —  7-^ — r,  should  act 
°  g  Isma 

in  the  line  OP.     This  gives 

W'.  —  Y^a=ON:PN, 

g  /sm  ^ 

,        ,  .    nPN       .sin-0 

or  r  =  ^^sm  d  TT—  =  gl ; 

ON       cosy 

therefore  v  =  sin  0.  / -^.  (29) 

This  gives  the  velocity  in  terms  of  6  and  L 

Again,  if  T  be  the  time  of  revolution,  we  have 


r=2^  =  2./-^^.  (30) 


9 

This  determines  the  time  of  revolution  when  the  angle  9, 
which  the  pendulum  makes,  during  the  motion  with  the  ver- 
tical, is  known.  It  is  evidently  the  same  as  that  of  a  double 
oscillation  in  a  simple  pendulum  of  length  /cos0  or  OiV. 
The  tension  of  the  string  is  represented  by  TTsec  0.  The 
preceding  is  a  particular  case  of  the  motion  of  a  particle  on 
a  smooth  sphere,  a  problem  which  will  be  considered  in 
Chapter  VIII.. 

113.  ^Watt's  Governor. — The  principal  of  the  conical 
pendulum  was  employed  by  Watt,  in  the  instrument  called  a 
governor,  for  the  purpose  of  regulating  the  supply  of  steam 
so  as  to  maintain,  approximately,  a  steady  motion  in  a  steam- 
engine.  Its  construction,  under  a  form  which  is  commonly 
employed,  is  as  follows  : — 
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Let  AB  represent  a  vertical  spindle  rotating  with  an 
angular  velocity,  whose  speed  is  so 
regulated  as  to  be  always  propor- 
tional to  that  of  the  machine.  CP 
and  CP'  are  rigid  rods,  jointed  at  0 
and  C  upon  the  revolving  spindle, 
and  having  massive  equal  balls,  P  and 
P\  fixed  at  their  extremities.  FD  and 
F'D'  are  two  rods  also  jointed  at  D 
and  D'  to  the  rigid  rods,  and  jointed 
at  F  and  jP'  to  a  collar,  movable 
freely  on  the  spindle.  The  collar  at 
F,  sliding  freely  up  and  down  the 
spindle,  is  united  to  a  lever  which 
opens  or  closes  the  valve  that  regu- 
lates the  supply  of  steam  to  the 
cylinder  of  the  engine.  When  the  shaft  AB  turns  too  fast, 
the  balls  P  and  P"  fly  from  it,  raising  the  collar  F,  and 
thus  diminishing  the  supply  of  steam,  and  consequently  re- 
ducing the  speed.  For  a  more  complete  discussion  the 
student  is  referred  to  works  on  practical  mechanics. 

114.  Revolution  in  a  Vertical  Circle. — We  now  re- 
turn to  the  question  of  the  revolution  of  a  particle  in  a  vertical 
circle  under  the  action  of  gravity. 

Suppose  DR  to  be  the  horizontal  line 
to  the  distance  below  which  the  velocity 
at  any  point  is  due,  and  let  ^2)=^;  then, 
by  Art.  99,  the  velocity  at  any  point  P 
is  given  by  the  equation 

v^  =  2g{h-AN)  =  2g{h-2amriO), 

where  PC  A  =  6. 

Hence,  denoting  —  by  k\  and  substitutingaM  ~  j  ioTv\ 
we  get 
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therefore     _  f  =  -  ?  Jv^II^WP, 

in  which  k  is  less  than  unity. 

If  0  =  Z  PBA  =  i9,  the  time  of  describing  any  arc  of  the 
circle  is  represented  by  the  definite  integral 

''  (31) 


J-T- 


iV^l  -  Fsin^^ 

where  a  and  /3  are  the  values  of  ^  corresponding  to  the  ex- 
tremities of  the  arc. 

Comparing  the  result  here  given  with  Art.  107,  we  see 
that  the  time  of  describing  any  arc  of  a  circle  is  in  this  case 
in  a  constant  ratio  to  the  time  of  describing  a  corresponding 
arc  of  a  second  circle,  in  which  the  motion  is  oscillatory. 

The  time  of  describing  any  arc  of  the  circle  is,  in  general, 
an  elliptic  function.  There  is  one  case,  however,  in  which  it 
admits  of  a  simple  expression,  viz.,  where  DH  is  a  tangent  to 
the  circle,  as  in  Art.  107. 

In  this  case  we  have  k  =  1,  and  the  definite  integral  be- 
comes 


tan 


log' 


(M) 


B  COS  (b  , 

'^       ^  tan 


(M) 


The  time  of  motion  from  any  point  to  the  highest  point 
in  the  circle  becomes  infinite  in  this  case,  as  already  observed 
in  Art.  107  ;  accordingly  the  particle  would  continually  ap- 
proach the  highest  point  without  ever  reaching  it. 

115.  Pressure  on  Curve. — If  m  denote  the  mass  of  the 
particle,  then  the  normal  pressure  B  on  the  circle  consists  of 
two  parts — one  arising  from  the  centrifugal  pressure,  the  other 
from  the  weight — hence  we  get 


B  =  m  —  +  mg  Gos  9 
a 

^^-  +  3008  0 


where  CD  =  d. 


'^n-^ 


),  (32) 


Pressure  on  Curve.  119 

At  the  lowest  point  this  becomes  mg[  —  ■\-^\  at  the 

f2d       \  V  ^  .     /  . 

highest  point,  mg[ 3  J;  and  when  the  string  is  horizontal, 

2d  \«        / 

mg—. 

a 

If  the  particle,  instead  of  moving  in  a  tube,  is  attached  by 
a  string,  of  length  a,  to  a  fixed  point  C,  and  thus  constrained 
to  move  in  a  vertical  circle,  the  preceding  expression  gives 
the  tension  of  the  string  for  any  position.  As  long  as  the 
tension  is  positive  the  string  remains  stretched.  At  the  point 
where  R  =  0  the  tension  vanishes,  and  the  particle  will  leave 
the  circle  and  proceed  to  describe  a  parabola.  It  is  immediately 
seen  that  the  distance  of  this  point  from  the  line  DR  is  one- 
third  of  CD  (see  fig.  of  last  Article). 

These  results  will  be  illustrated  by  the  following  ex- 
amples ; — 

Examples. 

1.  A  particle  slides  do-vm  the  convex  side  of  a  vertical  circle ;  determine  the 
point  at  which  it  will  leave  the  curve. 

Here,  since  the  velocity  at  the  highest  point  on  the  circle  is  zero,  we  have 
<?  =  0 ;  accordingly  the  point  at  which  J2  =  0  is  given  hy  the  equation 
cos  0  =  —  f .    The  geometrical  construction  is  evident. 

2.  A  particle  is  projected  from  the  lowest  point  along  the  inside  of  a  smooth 
vertical  circle ;  find  the  least  velocity  of  projection  in  order  that  the  particle 
should  make  a  complete  revolution  in  the  circle.  ^^g^  \fbag. 

In  this  case  the  pressure  at  the  highest  point  is  zero,  and  at  every  other  point 
is  positive. 

3.  If  the  initial  velocity  he  less  than  that  in  the  preceding  example,  find 
the  point  P  at  which  the  particle  will  leave  the  circle,  and  where  it  will  strike 
it  again. 

The  construction  for  the  point  P  in  question  has  been  given  above.  After 
leaving  the  circle  the  particle  describes  a  parabola,  and  the  point  Q  in  which 
it  again  meets  the  circle  is  found  by  drawing  PQ,  making  with  the  vertical 
direction  an  angle  equal  to  that  which  the  tangent  at  P makes  with  the  vertical. 
This  result  follows  immediately  from  the  principle  that  the  vertical  circle 
osculates  the  parabolic  trajectory  at  P. 

4.  In  the  same  case  find  the  direction  of  motion  of  the  particle  at  the  instant 
it  returns  to  the  circle. 

Ana.  tan  ^  —  \  tan  a,  where  ^  is  the  angle  which  the  required  direction  of 
motion  makes  with  the  vertical ;  and  a  is  the  corresponding  angle 
at  the  point  P,  where  the  particle  leaves  the  circle. 
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5.  Find  the  velocity  of  projection  from  the  lowest  point  on  the  circle,  in 
order  that  the  particle  after  leaving  the  circle  should  meet  it  again  at  its  lowest 

6.  Show  that  the  solution  of  the  general  problem  of  finding  the  initial  velo- 
city, in  order  that  the  particle  after  leaving  the  circle  shall  meet  it  again  at  a 
given  point,  depends  on  the  trisection  of  an  arc. 

7.  A  material  particle  moves  in  a  circular  groove  on  a  smooth  inclined  plane  ; 
if  it  be  projected  from  its  point  of  rest  with  a  velocity  just  sufficient  to  carry  it 
to  the  highest  point  in  the  groove,  find  the  time  of  its  motion. 

116.  liemma  on  Coaxal  Circles. — A  chord  PQ  of  a 
circle  touches  a  second  circle  at  0; 
and  PX,  QM  are  drawn  perpen- 
dicular to  the  radical  axis  of  the 
two  circles  :  to  prove  that 
PO'',QO'=PL:QM, 

Let  R  be  the  point  of  intersec- 
tion of  PQ  with  the  radical  axis ; 
then,  since  the  tangents  from  R  to 
the  circles  are  of  equal  length,  we 
have  i20'  =  i^P.PQ; 

therefore  RQ:RO=RO:  RP, 

Consequently     QO:  OP=RQ:  RO, 

or  QO':OP'=RQ':RQ.RP 


^RQ:RP=  QMiPL. 


(33) 


If  now  we  suppose  a  particle  to  describe  the  outer  circle 
with  a  velocity  due  to  the  level  Xilf,  and  P'Q'  be  drawn 
indefinitely  near  to  PQ,  touching  the  inner  circle,  these 
tangents  may  be  regarded  as  intersecting  in  0,  and  we 
accordingly  have 

PP" :  QQ'  =  PO:  Q0  =  yPL:  ^QM^ 

Again,  let  v,  v'  be  the  velocities  of  the  particle  when  at  P 
and  Q  respectively ;  then  t;^  =  2gPL,  v^  =  2g  QM; 


therefore        v :  v'  =  ^PL  :  ^QM^  PF :  QQ\ 
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Hence  tlie  time  of  describing  PP'  is  the  same  as  that  of 
describing  QQ';  consequently  the  time  of  motion  from  P  to 
Q  is  the  same  as  that  from  P'  to  Q',  and  hence  we  readily 
infer  that  the  time  is  the  same  for  the  description  of  all  arcs 
cut  off  by  tangents  drawn  to  the  inner  circle. 

Examples. 

1.  A  particle  is  moving  in  a  smooth  vertical  circle  under  the  action  of 
gravity :  the  time  of  description  of  a  variable  arc  of  the  circle  being  supposed 
constant,  show  that  the  envelope  of  its  chord  is  another  circle. 

2.  Show  that  if  the  time  of  motion  from  i*to  Q  be  the  same  as  that  from 
the  highest  to  the  lowest  point  on  the  circle,  the  line  FQ  always  passes  through 
a  fixed  point. 

3.  Two  particles  are  projected  from  the  same  point,  in  the  same  direction, 
and  with  the  same  velocity,  but  at  different  instants,  in  a  smooth  circular  tube, 
•of  small  bore,  whose  plane  is  vertical.  Prove  that  the  line  joining  them  always 
touches  a  circle. 

4.  In  the  same  case,  if  the  particles  be  projected  in  opposite  directions,  the 
other  circumstances  being  unaltered,  prove  that  the  line  joining  their  positions 
always  touches  a  circle ;  and  find  when  the  circle  becomes  a  fixed  point. 

5.  A  particle  is  moving  in  a  vertical  circle  under  the  action  of  gravity.  If 
three  points  i,  JIf,  N  be  taken  on  the  circle,  find  a  fourth  point  P,  such  that  the 
time  of  motion  from  N  to  F  shall  be  equal  to  that  from  L  to  M. 

6.  In  the  same  case  find  P,  so  that  the  time  of  describing  iVGP shall  be  double, 
or  any  given  multiple  of  that  of  describing  iJif. 

7.  AB  is  the  vertical  diameter  of  a  fine  circular  tube  in  which  move  three 
equal  particles  P,  Q,  Q'  (modulus  of  restitution  =  1  for  any  pair) ;  P  starts  from 
A,  and  Q,  Q.\  in  opposite  senses  from  B  with  such  velocities  that  at  the  first 
impact  all  three  have  equal  velocities ;  prove  that  throughout  the  motion  the 
line  joining  any  pair  is  either  horizontal  or  passes  through  one  of  two  fixed 

•points,  and  that  the  intervals  of  time  between  successive  impacts  are  all  equal. 

Camb.  Trip.,  1874. 

117.  Application  to  Elliptic  Functions. — Since  the 
time  of  description,  under  the  action  of  gravity,  of  any  arc  of  a 
vertical  circle,  is  expressible  by  a  definite  integral  of  the  form 


Ja\/l  -  A;^sin^<^ 

the  results  of  the  last  Article  have  important  applications  in 
the  theory  of  elliptic  functions.  For  example,  they  furnish 
us  with  simple  methods  for  the  addition,  subtraction,  and 
multiplication  of  such  functions,  depending  on  elementary 
properties  of  coaxal  circles.  This  connexion  was  first  pointed 
-out  by  Jacobi  (Crelle^s  Journal,  1828;  Liouville's  Journal^ 
1845). 
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Examples. 

1.  Prove  that  the  time  of  descending  any  small  arc  terminated  at  the  lowest 
point  of  a  vertical  circle  is  to  the  time  down  its  chord  as  tt  :  4. 

2.  If  the  length  of  a  seconds  pendulum  he  39*14  inches ;  find  the  corre- 
sponding value  of  g  to  two  places  of  decimals. 

3.  A  clock  loses  4  minutes  in  a  day  ;  find  how  much  its  pendulum  should 
he  shortened  in  order  that  it  may  keep  correct  time.        Ans.  Its  xioth  part. 

4.  Assuming  the  length  L  in  inches  of  a  seconds  pendulum  at  the  latitude  A. 
to  be  given  by  the  formula 

i  =  39-118  -iVcos2a.; 

find  the  ratio  of  the  difierence  between  the  values  of  polar  and  equatorial  gravity 
to  equatorial  gravity.  Ans.  x^^-^. 

5.  Find  the  correction  in  the  time  of  vibration  of  a  circular  pendulum  when 
the  amplitude  of  the  vibration  is  30'', 

6.  If  two  particles  be  connected  by  an  inextensible  string,  and  if  one  be 
made  to  move  as  if  under  the  action  of  a  constant  force  ;  prove  that  the  relative 
motion  of  the  other  is  that  of  a  simple  pendulum. 

7.  A  series  of  smooth  circles  in  a  vertical  plane  have  a  common  highest 
point ;  a  particle  starting  at  this  point  slides  down  the  convex  side  of  each  circle ;. 
find  the  locus  of  the  point  where  the  particles  leave  the  circles. 

8.  A  mass  m,  after  sliding  down  the  inner  surface  of  a  smooth  hemispherical 
bowl,  strikes  a  mass  m'  placed  at  the  lowest  point  of  the  bowl.  If  both  bodies 
be  perfectly  elastic,  find  the  heights  to  which  they  respectively  ascend  after- 
coUision. 

9.  If  the  length  of  a  conical  pendulum  be  1  foot,  and  the  weight  attached 
to  its  extremity  be  1  lb. ;  find  approximately  the  tension  of  the  connecting  wire 
when  the  time  of  its  revolution  is  one  second.  Find  also  approximately  the^ 
angle  which  the  revolving  wire  makes  with  the  vertical  spindle. 

Ans.  Tension  =  — lb. :  cos0  =  -^. 
g  47r2 

10.  Investigate  the  motion  of  a  cycloidal  pendulum  when  acted  on  by  a 
constant  force  /,  always  in  a  direction  opposite  to  that  of  its  motion,  in  addition. 
to  the  force  of  gravity. 

Here  the  equation  of  motion  is  -^  +  ^  «  =/, 

dt'     Act 

and  we  get,  by  Art.  110,        «  =  -^  +  <? cos  ^/ ^  ^  +  c'  sin  J^-*- 

g  >/  2a  >  2a 
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ds 
If,  when    ^  =  0,     «  =  s'     and    -r  =  ^,    "v^e  get 

This  vanishes  when  J— ^  =  ■jr;  accordingly  the  time  of  an  oscillation  is  vA — ; 
the  same  as  when  unresisted. 

11 .  A  heavy  particle  is  connected  hy  an  inextensible  string,  3  feet  long,, 
to  a  fixed  point,  and  describes  a  circle  in  a  vertical  plane  about  that  point, 
making  600  revolutions  per  minute  ;  find,  approximately,  the  ratios  of  the  ten- 
sions of  the  string  when  the  particle  is  at  the  highest  and  lowest  points,  and 
when  the.  string  is  horizontal. 

12.  A  hody  hangs  freely  from  a  fixed  point  by  an  inextensible  string  2  feet 
in  length.  It  is  projected  in  a  horizontal  direction  with  a  velocity  of  20  feet 
per  second.  Compare  the  tensions  at  the  highest  and  lowest  points  of  the  circle 
which  is  described,  assuming  ^  =  32.  Ans.  29 ;  5. 

13.  Sbow  that  the  time  of  a  small  oscillation  of  a  pendulum  which  vibrates 
in  the  air  is  unaffected  by  its  resistance. 

The  resistance  is  usually  assumed  to  vary  as  the  square  of  the  velocity.     It 

can  accordingly  be  expressed  by  a  term  of  the  form  M  (7-  )  >  wherein' is  a  very 
small  fraction;  hence  in  this  case  the  equation  of  motion  may  be  written 

d^d     g  idQ\  3 


Since  p.  is  small,  as  also  — ,  we  get  as  a  first  approximation  6  =  acosJ- 


as  hefore.     If  this  value  be  substituted  in  M  (;t-)  >  ^  accordance  with  the 
method  of  successive  approximations,  the  differential  equation  becomes 


|a  =  .a^fsin^(.Jf)=^a^(l-C0s2./-), 

The  integral  of  this,  subject  to  the  condition  that  0  =  a,  and  ^  =  0,  when 
i  =  0,  is 

0  =  ^/ia2+  (o  -  f /*o2)  cos  tylj  +  ^a^fiC0B2tJ-  - 
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Also  ^=-^/7«i^^^/f  («-t/*«'  +  ^M«^cos^^|) . 

Hence,  since  —  =  0  at  the  end  of  one  vibration,  if  T  be  the  corresponding 

value  of  t,  we  have  sinjrJ-  =  0,  or  r=  ■«■*/-.     Accordingly,  the  duration  of 

the  oscillation  is  not  aflfected  by  the  resistance.     Also,  since  we  have  in  this 

-case,  cos  t  Aj  =  —  1,  the  corresponding  value  of  0  is  —  (a—  f /to^) ;  accordingly 

the  resistance  of  the  air  reduces  the  amplitude  of  the  oscillation  by  ^(xc?.  The 
successive  angles  of  oscillation  diminish  according  to  the  same  law,  but  the  time 
of  oscillation  remains  the  same  for  each. 


(    125    ) 


CHAPTER  YI. 


WORK    AND    ENERGY. 


'^118.  l^ork. — In  all  cases  where  force  is  employed  in  over- 
coming resistance  so  as  to  produce  motion,  work  is  said  to  bo 
performed.  Hence  the  conception  of  work  involves  both 
motion  and  resistance ;  and  therefore  a  corresponding  effort 
or  force  to  overcome  the  resistance.  In  general,  work  may 
be  defined  as  the  act  of  producing  a  change  in  the  configu- 
ration of  a  system  in  opposition  to  forces  which  resist  that 
change.  We  proceed  to  consider  how  the  amount  of  work 
performed  in  any  case  is  to  be  estimated. 

119.  Measure  of  l^ork. — The  simplest  idea  of  work 
is  derived  from  raising  a  weight  through  a  vertical  height ; 
in  which  case  the  attracting  force  of  the  Earth  is  the  resistance 
overcome.  The  amount  of  work  in  such  cases  evidently  in- 
creases in  proportion  to  the  weight  of  the  body  raised  and  to 
the  height  to  which  it  is  raised.  For  example,  the  work  done 
in  raising  one  ton  through  a  height  of  10  feet  is  ten  times 
that  of  raising  it  one  foot,  or  twenty  times  that  of  raising  one 
cwt.  through  10  feet;  and  so  on  in  all  cases.  Hence  it  is 
readily  seen  that  the  work  performed  in  such  cases  is  measured 
by  the  product  of  the  iveight  into  the  height ,  i.e.  by  Wh^  where 
W  represents  the  number  of  units  in  the  weight,  and  h  that 
in  the  height. 

In  general,  if  we  confine  our  attention  to  a  single  point 
which  is  moved  in  direct  opposition  to  a  constant  resisting 
force,  the  work  done  is  estimated  by  the  product  of  the  force 
and  the  distance  through  which  the  point  is  moved,  i.e.  by  Pp, 
where  P  represents  the  force,  which  overcomes  the  equal  and 
opposite  resisting  force,  and  p  the  distance  passed  over. 
'^  120.  C^ravitation  'unit  of  li¥ork.— From  the  ordi- 
nary units  adopted  in  this  country  we  derive  the  unit  of 
work  called  ^  foot-pound^  i.e.  the  work  performed  in  raising 
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one  pound  tkrough  one  foot  in  height.  This  is  the  unit 
usually  adopted  in  practical  local  application  of  work,  and  is 
called  the  Gravitation  Unit  of  Work  (Art.  65).  The  corre- 
sponding unit  in  the  metric  system  is  called  the  kilogram- 
metre^  or  kgm.  That  is  the  work  of  raising  a  kilogramme 
through  the  height  of  a  metre.  A  kilogrammetre  is  7*233 
foot-pounds.  The  unit  of  work  in  this  system  varies  slightly 
from  place  to  place  with  the  value  of  g^  and  this  should  be 
remembered  if  numerical  or  scientific  accuracy  were  required 
(Art.  39). 

121.  Absolute  Unit  of  ^Work. — In  the  absolute  sys- 
tem the  unit  of  resistance  is  that  already  adopted  (Art.  64) 
as  the  unit  of  force.  Thus,  if  we  take  a  poundal  as  the  unit 
of  force,  the  corresponding  unit  of  work  is  that  done  by  a 
poundal  acting  through  a  foot.  This  is  sometimes  called  the 
foot-poundal.  It  is  obvious  that  a  foot-pound  is  g  times  a 
f oot-poundal :  accordingly,  any  result  in  the  former  system  is 
reducible  to  the  latter  at  any  place  by  multiplying  by  the 
corresponding  value  of  g. 

Again,  adopting  the  definition  of  a  dyne  given  in  Art.  64, 
the  work  done  hy  a  dyne  in  working  through  a  centimetre ^  is 
called  an  erg ;  and  a  foot-poundal  is  421,394  ergs. 

In  such  measurements  as  are  required  in  electrical  and 
magnetic  investigations,  the  absolute  unit  of  work  is  always 
adopted,  and  the  erg  is  the  unit  usually  employed. 

122.  Horse-power. — Although  in  our  definition  of 
work  we  have  taken  no  account  of  the  time  occupied  in  its 
performance,  yet  time  becomes  a  necessary  element  when  we 
come  to  compare  the  efficiency  of  different  agents.  For  in- 
stance, if  one  agent  working  uniformly  performs  an  amount 
of  work  in  one  hour  which  it  requires  another  5  hours  to 
accomplish,  the  former  is  said  to  be  five  times  as  efficient. 
In  comparing  the  work  done  by  a  steam-engine  or  other 
agent  we  usually  adopt  as  our  unit  the  horse-power  defined 
by  Watt. 

Thus  an  engine  is  said  to  be  of  one-horse-power  when  it 
is  capable  of  performing  33,000  foot-pounds  of  work  in  one 
minute  of  time,  or  550  foot-pounds  in  one  second,  and  so  on 
in  proportion. 
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Continental  writers  employ  horse-power  as  75  kgm.,  that 
is,  542*475  foot-pounds,  per  second. 

123.  Again,  the  work  performed  in  raising  a  body  of 
weight  W  to  any  height  h  is  the  same  whether  the  body 
he  raised  vertically  up  or  brought  up  by  any  other  course. 
The  whole  work  is  still  represented  by  Wh,  where  h  is  the  space 
through  which  the  weight  has  been  moved,  estimated  in  the 
vertical  direction,  i,  e,  in  that  in  which  the  resistance  of 
gravity  acts.  And,  generally,  the  work  done  by  any  uniform 
effort  or  force,  acting  in  a  constant  direction  against  an  equal 
and  opposite  force  P,  is  measured  by  the  product  of  the  force 
into  the  space  through  which  its  point  of  application  is  moved, 
estimated  in  the  direction  in  which  the  force  acts. 

Thus,  if  a  force  P  be  supposed  to  act  at  -4,  and  to  move  its 
point  of  application  to  B ;  then  if  BM  be         ^  p 

drawn  perpendicular  to   AP,   the   work 
done  is  estimated  by  Pp,  or  by  P  As .  cos  0, 


where  p  =  AM,  As  =  AB,  and  d  =  L  BAM,  A  -  M 

The  work  done  is,  therefore,  regarded  as  positive  or 
negative  according  as  the  angle  9,  which  the  direction  of  the 
force  makes  with  that  of  the  motion,  is  acute  or  obtuse. 

If  0  =  ^TT,  the  direction  of  the  motion  is  perpendicular  to 
that  of  the  force,  and  the  work  done  is  zero. 

If  two  or  more  forces  act  on  a  system,  the  whole  work 
done  is  the  sum  of  the  works  done  by  each  force  separately. 

If  any  number  of  forces  be  in  equilibrium,'  it  can  be  readily 
seen  that  the  total  work  done  by  them  for  any  small  dis- 
placement is  zero  :  from  this  the  statical  principle  of  virtual 
velocities  can  be  immediately  deduced. 

Examples. 

1 .  Prove  that  the  whole  work  done  in  raising  a  system  of  heavy  bodies,  each 
through  a  different  height,  is  the  same  as  that  of  raising  their  entire  weight 
through  a  height  equal  to  that  through  which  their  centre  of  inertia  is  raised. 

,    i   2.  Find  the  work  performed  in  moving  a  ton  along  100  yards  on  a  uniformly 
rough  horizontal  road,  the  coefficient  of  friction  being  ■^. 

Ans.  67,200  foot-pounds. 

3.  Show  that  the  same  work  is  expended  in  drawing  a  body  up  an  inclined 
plane,  subject  to  friction,  as  would  be  expended  upon  drawing  it  first  along  the 
base  of  the  plane  (supposing  the  coefficient  of  friction  the  same),  and  then  raising 
it  up  the  height  of  tiie  plane. 
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4.  What  time  will  10  men  take  to  pump  the  hold  of  a  ship  which  contains 
30,000  cuhic  feet  of  water;  the  centre  of  inertia  of  the  water  heing  14  feet 
below  the  point  of  discharge,  and  each  man  being  supposed  to  perform  1500  foot- 
pounds per  minute ;  assuming  the  weight  of  a  cubic  foot  of  water  to  be  62^  lbs.  ? 

Ans.  29  brs.  10  mins. 

124.  'Work  done  by  a  Variable  Force. — If  the  force 
be  not  constant,  we  may  suppose  the  path  described  by  its 
point  of  application  divided  into  portions  so  small  that  for 
each  the  force  may  be  considered  constant.  Hence,  for  the 
displacement  ds  of  its  point  of  application,  Pds  is  the  corre- 
sponding element  ofwork^  and  the  total  work  in  moving  through 

any  space  s  is  represented  by  the  definite  integral     Pds. 

Jo 

If  the  direction  of  P  makes  an  angle  B  with  ds,  the  cor- 
responding element  of  work  is  P  cos  05s,  and  the  total  work 
is  represented  by 

Poos  Qds, 

Again,  let  x,  y,  z,  be  at  any  instant  the  coordinates  of  the 
point  of  application  of  the  force  P,  referred  to  a  system  of 
rectangular  axes ;  and  let  X,  F,  Zy  be  the  components  of  P 
parallel  to  the  coordinate  axes  respectively  ;  then  we  have 

Pcos  Qds  =  Xdx  +  Ydy  +  Zdz. 

Hence  the  total  work  done  by  P  in  moving  its  point  of 
application  from  one  point  to  another  is  represented  by 

(Xdx  +  Ydy  +  Zdz) 

tiaken  between  the  two  points. 

If  the  expression  Xdx  +  Ydy  +  Zdz  be  an  exact  diffe- 
rential, i.e.  if 

■  Xdx  +  Ydy  +  Zdz  =  du, 

where  w  is  a  function  of  x,  y,  z,  then  the  integral 

\{Xdx  +  Ydy+  Zdz), 

taken  between  any  two  points,  is  a  function  of  the  coordinates 
of  those  points  ;  and  the  work  done  is  accordingly  a  function 
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of  tlie  extreme  coordinates  solely.  When  this  is  so,  the 
mutual  forces  between  the  parts  of  a  system  always  perform 
or  always  consume  the  same  amount  of  work  during  any 
motion  whatever  by  which  it  can  pass  from  the  one  particular 
configuration  to  the  other ;  hence  such  a  system  is  called  a 
conservative  system  of  forces.  In  general,  for  any  system  of 
forces  acting  at  different  points,  the  total  work  W  done  for 
any  finite  displacements  is  represented  by 

W=  ^[Pdp  =  S  {Xdx  +  Ydy  +  Zdz),  (1) 

where  the  summation  extends  to  all  the  forces  of  the  system. 
125.  Forces  directed  to  Fixed  Centres.    Potential. 

— If  the  force  F  be  directed  to  a  fixed  centre,  and  if  r  be  the 
distance  of  its  point  of  application  from  the  centre,  then  the 
corresponding  element  of  work  is  represented  by  Fdr ;  and 
the  total  work,  when  the  point  is  moved  from  a  distance  /  to 

a  distance  /',  is  represented  by      Fdr, 

If  i''  be  a  function  of  r  represented  by  />i^'(r),  then  the 
value  of  this  integral  will  be 

m(*(0-'^('-')). 

In  the  law  of  attraction  which  holds  in  nature  we  have 

ir=  _  ii ;  and  the  expression  /if  -7? ; ]  represents  the 

spending  work  in  moving  a  unit  of  mass  from  the  distance 
r  to  the  distance  r\  Hence  the  work  done  in  the  motion 
of  a  unit  mass  from  an  infinite  distance  to  the  distance  r  is 

represented  by  -. 

fn 
The  function  S  —  in  the  case  of  the  ordinary  law  of  gravi- 
tation is  called  the  potential  of  the  system  of  attracting 
masses.  This  potential  function  is  usually  represented  by 
F;  and  if  dm  be  the  element  of  attracting  mass,  and  r  its 
distance  from  a  point  P,  then  F,  the  potential  at  P,  is 
denoted  by  dm 

^=S-  (2) 

extended  through  all  points  in  the  attracting  system. 

K 


corre- 
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Again,  if  a  number  of  forces  jP,  F\  F'\  &c.,  be  directed 
to  fixed  centres,  and  if  r,  /,  /',  &o.,  be  the  corresponding 
distances,  then  the  total  work  is  represented  by 

\Fdr  +  \rd/  +  lF"dr"  +  &c., 
taken  between  the  limiting  positions. 

If  the  forces  be  each  a  known  function  of  the  distance 
from  the  corresponding  centre  of  force,  the  result  can,  in  ge- 
neral, be  immediately  integrated,  and  the  work  is  a  function 
of  the  initial  and  final  positions  of  the  points  of  application 
solely.  Consequently  such  a  system  of  forces  is  always  a 
conservative  system. 

Example. 
If  m,  m'  be  the  masses  of  two  particles  attracting  each  other  with  a  force 
ix  — — ,  where  r  is  their  distance  apart,  show  that  the  work  done  when  they  have 

moved  from  an  infinite  distance  apart  to  the  distance  r  is  /tt . 

r 

126.  Potential  of  an  Attracting  Spherical  Hass. — 

If  each  element  of  the  surface  of  a  sphere  be  divided  by  its 
distance  from  an  external  point,  and  the  sum  taken  over  the 
entire  surface,  this  sum  is  readily  shown  by  elementary 
integration  to  be  equal  to 

S 

where  S  is  the  whole  surface  of  the  sphere,  and  R  the  distance 
from  its  centre  to  the  external  point. 

Hence,  if  a  mass  m  be  uniformly  spread  over  the  surface 
of  the  sphere  S,  we  have 

-T  =  |-  («) 

From  this  it  follows  at  once  that  in  a  solid  sphere  of  mass 
M,  for  which  the  density  is  constant  through  each  concentric 
couche,  we  have 

r..^  =  f.  (4) 

That  is,  the  potential  is  the  same  as  if  the  whole  mass 
were  concentrated  at  the  centre  of  the  sphere. 

Consequently  the  work  done  by  an  attracting  sphere  J/, 
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in  moving  a  unit  of  mass  from  the  distance  R^  to  the  distance 
Bj  measured  from  the  centre,  is 

F^^ifji-ij.  (5) 

It  may  be  remarked  that  it  can  be  readily  seen  from  (4) 
that  a  homogeneous  sphere  attracts  an  external  mass  as  if 
the  whole  mass  of  the  sphere  were  concentrated  at  its  centre. 

127.  IW^ork  done  by  a  l§tress. — If  two  equal  and  oppo- 
site forces,  each  represented  ^ 

by  F,  act  respectively  at  the  ^  ^ B 

points  A  and  B,  along  the      ^     IV         "~  /I      j, 

line  connecting  these  points,    F     M  A  B    N       F 

to  find  the  element  of  work 

for  a  small  displacement.  Suppose  A'  and  B^  to  be  the  new 
positions  for  an  indefinitely  small  displacement,  and  let  fall 
the  perpendiculars  A'M  and  ^'iV  on  the  line  AB ;  then  the 
elements  of  work  are  represented  by  F.  AM  and  F.  BJV. 
Hence  their  sum  is  F{AM+BN)  =  F{A'B'  -  AB),  or  i^As, 
where  As  denotes  the  indefinitely  small  change  in  the  distance 
between  the  points  of  application  of  the  forces. 

Hence,  if  the  points  A  and  B  be  rigidly  connected,  as  the 
distance  AB  is  invariable,  the  total  work  done  by  the  forces 
for  any  displacement  is  zero. 

Also  the  point  of  application  of  a  force  maybe  transferred 
from  any  one  point  to  any  other  on  its  line  of  action  without 
altering  the  work  done,  provided  the  distance  between  the 
two  points  is  invariable. 

The  pair  of  equal  and  opposite  forces  that  two  bodies 
6xert  on  one  another  in  accordance  with  the  general  prin- 
oiple  of  action  and  reaction  is  called  in  modern  treatises  a 
stress.  When  the  forces  act  away  from  each  other,  as  in  the 
figure,  the  stress  is  called  a  tension ;  when  they  act  towards 
each  other  it  is  called  a  pressure. 

Hence  the  work  done  by  a  stress  is  positive  or  negative 
according  as  the  change  of  distance  between  the  points  of 
application  is  in  the  direction  of  the  mutual  action  of  the 
forces  or  in  the  opposite  direction. 

Also  in  the  case  of  a  rigid  body  it  follows  that  the  total 
work  done  hy  the  internal  forces  of  stress  is  always  zero. 

k2 
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128.  Body  with  a  Fixed  Axis.— To  find  the  work 
done  by  a  force  acting  on  a  rigid  body  which  is  capable  of 
turning  round  a  fixed  axis. 

Suppose  the  force  R  resolved  into  two  components — one 
parallel,  the  other  perpendicular  to  the 
fixed  axis.     The  former  does  no  work, 
since  it  is  perpendicular  to  the  direction 
of  motion  of  every  point  in  the  body. 

Let  the  latter  component  be  repre- 
sented by  P,  and  suppose  it  to  act  in  the 
plane  of  the  paper ;  the  fixed  axis  being 
perpendicular  to  that  plane,  and  meeting  it  in  the  point  0. 
Let  iV  be  the  foot  of  the  perpendicular  drawn  from  0  to  the 
line  of  action  of  P ;  then  by  the  last  Article  we  may  take  iVas- 
the  point  of  application  of  P. 

Suppose  now  the  body  to  receive  a  small  angular  displace- 
ment A&  round  the  fixed  axis  in  the  direction  of  the  arrow ; 
then,  if  ON  =  p,  the  displacement  of  N  will  be  pl^d,  and  the 
corresponding  element  of  work  is  Pp^d,  or  A0  multiplied 
by  the  moment  of  the  force  R  with  respect  to  the  fixed  axis. 

Again,  if  we  suppose  a  pair  of  equal,  parallel,  and  opposite 
forces  to  act  on  the  rigid  body  ;  then,  provided  the  plane  of 
the  pair  is  perpendicular  to  the  fixed  axis,  the  work  done  by 
the  pair  is  evidently,  from  what  precedes,  represented  by  the 
moment  of  the  pair  multiplied  by  the  small  angle  of  rotation. 
And  if  the  pair  continue  to  act  on  the  body,  the  work  done  by 
it  during  any  rotation  is  represented  by  the  product  of  the 
moment  of  the  pair  by  the  angle,  in  circular  measure,  through 
which  the  body  has  rotated. 

Example. 

A  pivot  or  screw  turns  round  a  central  axis  and  presses  against  a  rough 
plane  ;  find  an  expression  for  the  work  expended  on  the  friction  which  acts  on 
the  circular  end  of  the  pivot  in  one  revolution  round  its  axis. 

Let  Q  denote  the  entire  normal  pressure  hetween  the  pivot  and  the  plane, 
fjL  the  coefficient  of  friction,  supposed  constant,  a  the  radius  of  the  end  of  the 
pivot.  This  end  may  he  regarded  as  consisting  of  an  indefinitely  great  number 
of  concentric  circular  rings.  If  r  he  the  radius  of  one  of  the  rings,  dr  its 
breadth,  then  the  area  of  the  ring  is  27rr<fr,  and  the  corresponding  friction, 

taken  over  the  entire  ring,  is  represented  hy — :;-rdr.   Hence  the  corresponding. 
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work  for  one  revolution  is  — —r^dr.  Integrating,  we  get  iirnQa  for  the  en- 
tire work  expended.  In  this  investigation  the  normal  pressure  Q  has  been  sup- 
posed to  be  uniformly  distributed  over  the  end  of  the  pivot. 

~^  129.  Energy. — Energy  is  the  capacity  of  doing  work. 
For  instance,  a  spring  when  hent  by  pressure  contains  a  cer- 
tain amount  of  energy  stored  up  in  it ;  thus  the  mainspring 
.  of  a  watch,  by  the  energy  which  it  possesses,  maintains  the 
motions  of  the  works  until  that  energy  has  been  expended. 
Again,  a  quantity  of  air,  when  compressed  into  a  smaller 
volume,  possesses  energy,  and  can  perform  work  when 
occasion  requires ;  for  example,  in  projecting  a  bullet  from 
an  air-gun.  Also  a  raised  weight  is  capable  of  doing  work, 
and  is  therefore  said  tg  possess  energy.  For  instance,  the 
motion  of  a  clock  is  maintained  by  the  energy  of  its  descend- 
ing weights.  The  energy  of  a  weight  TF raised  to  a  heights 
above  the  ground  is  measured  by  IF7?,  that  is,  by  the  work  it 
is  capable  of  performing  by  its  descent  to  the  ground.  In 
general,  when  the  configuration  of  a  system  is  altered,  it  has 
a  tendency  to  return  to  its  former  state,  and  in  effecting  this 
return  is  capable  of  doing  a  certain  amount  of  work.  This 
capacity  of  doing  work,  arising  from  change  of  configuration 
or  of  relative  position  in  a  system,  is  called  potential  energy  ; 
the  work  employed  in  producing  this  change  being  in  a  sense 
accumulated.  For  example,  if  two  bodies  which  attract  one 
another  are  separated,  they  have  a  tendency  to  rush  together, 
and  in  so  doing  are  capable  of  overcoming  a  certain  amount 
of  resistance. 

Again,  a  body  in  motion  possesses  a  certain  amount  of 
energy  which  is  measured  by  the  work  it  is  capable  of  per- 
forming before  being  brought  to  rest.  This  latter  is  called 
the  Kinetic  energy  of  the  body.  We  proceed  to  consider  how 
its  amount  is  measured. 

130.  measure  of  Kinetic  Energy. — The  measure  of 
the  kinetic  energy  of  the  mass  m  moving,  without  rotation, 
with  the  velocity  t\  is  easily  found.  For,  suppose  the  mass 
acted  on  by  a  uniform  resistance  R  in  the  direction  of  its 
motion,  and  let  R  =  mf\  then,  if  v  be  the  initial  velocity 
and  s  the  space  described  before  coming  to  rest,  we  have,  by 
Art.  37,  v^  =  2/s ;  hence  Imv"  =  -Ks. 
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Accordingly,  the  work  which  a  mass  m  moving  with  the 
velocity  v  is  capable  of  performing  before  being  brought  to 
rest  is  J  mv^.  Hence  its  kinetic  energy  is  equal  to  half  its  vis 
viva,  and  is  represented  by  ^mv^. 

Examples, 

1.  A  train  of  60  tons,  moving  at  the  rate  of  15  miles  an  hour  on  a  horizontal 
railway,  runs,  when  the  steam  is  shut  off  and  the  breaks  applied,  through  a 
quarter  of  a  mile  before  stopping.  Find  in  lbs.  the  mean  resistance,  and  its 
time  of  action.  Ans.   770  lbs.;  2  minutes. 

2.  The  breadth  of  a  river  at  a  certain  place  is  100  yards,  its  mean  depth  is 
8  feet,  and  its  mean  velocity  3  miles  an  hour.  Calculate  its  horse-power,  as- 
suming a  cubic  foot  of  water  to  weigh  62|  lbs. 

Here  the  quantity  of  water  which  passes  per  minute  is  633,600  cubic  feet ; 
and  the  required  answer  is  easily  seen  to  be  363  horse-power. 

3.  A  shot  of  1000  lbs.,  moving  at  1600  feet  per  second,  strikes  a  fixed  target. 
How  far  will  the  shot  penetrate,  the  target  exerting  on  it  an  average  pressure 
equal  to  the  weight  of  12,000  tons?  Ans.  \\  ft.,  approximately. 

4.  Determine  in  ergs  the  kinetic  energy  of  a  mass  of  one  hundred  pounds 
moving  with  a  velocity  of  one  foot  per  minute.  Ans.  5853. 

5.  A  heavy  particle  resting  on  a  rough  inclined  plane,  and  attached  by  a 
string  to  a  fixed  point  on  the  plane,  is  projected  from  the  lowest  point  of  the 
circle  in  which  it  moves  in  the  direction  of  the  tangent,  {a)  Find  the  velocity 
necessary  to  carry  the  string  to  a  horizontal  position ;  {b)  If  the  particle 
descending  from  this  position  reach  the  lowest  point  and  remain  there,  deter- 
mine the  coefficient  of  friction. 

6.  A  ball  moving  with  a  velocity  of  1000  feet  per  second  has  its  velocity 
reduced  by  100  feet  in  passing  through  a  plank.  Through  how  many  such 
planks  would  it  pass  before  being  stopped ;  assuming  the  same  amount  of  work 
to  be  performed  in  overcoming  the  resistance  of  each  plank  ?  Ans.  b^. 

131.  Energy  due  to  a  Tariable  Force. — If  a  va- 
riable force  F  act  at  the  centre  of  inertia  of  a  mass  m,  in 
the  direction  of  its  motion,  we  have,  by  Art.  68, 

_,         dv  dv 

F=m  —  =  mv—, 
dt  ds 

or  Fds  =  mvdv; 

accordingly,  if  Vq  and  Vi  be  the  initial  and  final  velocities 
of  m,  we  have 


m(V^'-Vo')=^yds.  (6) 
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From  this  we  infer  that  if  a  variable  force  F  act  on  a 
mass  m,  in  the  direction  of  its  motion,  the  work  done  by  it  is 
measured  by  half  the  corresponding  change  in  the  vis  viva  of 
the  moving  body,  or  by  the  change  in  its  kinetic  energy. 

In  general,  let  X,  F,  Z,  as  before,  denote  the  components, 
parallel  to  the  axes  of  x,  y,  z,  of  the  force  acting  on  the  mass 
m ;  then,  by  Art.  68,  we  have 

_         d^x      ^         d^y       rw         ^^2 

Multiply  the  first  by  dx^  the  second  by  dy,  and  the  third 
by  dz,  and  add  ;  then 

Xrfx+  Ydy  ^Zdz  =  mi^dx  ^^dy^^dz^ 

=*-i(S)HI)Hf)l 

=  \md  {v^) . 
Hence,  if  Y^  and  Fi  be  the  initial  and  final  velocities, 

i  m  ( Fi^  -  V^)  =  [{Xdx  +  Ydy  +  Zdz),         (7) 

the  integral  being  taken  from  the  initial  to  the  final  position 
of  the  centre  of  inertia  of  m.  Hence  we  infer  that  in  this  case 
also  the  work  done  by  the  forces  during  any  motion  is  measured 
by  half  the  change  in  the  kinetic  energy  of  the  moving  mass. 

If  after  the  lapse  of  any  time  the  velocity  of  m  become 
equal  to  its  original  value,  the  work  done  in  that  interval  by 
the  forces  which  accelerate  the  motion  is  equal  to  that  done 
by  the  forces  which  retard  it. 

In  the  case  of  a  central  force,  represented,  as  in  Art.  125, 
by  /u^'(r),  we  readily  obtain  the  equation 

J«(t.'-O=;u{0(r)-^(r')),  (8) 

where  «?'  denotes  the  velocity  at  the  distance  /  from  the  centre 
of  force.     For  the  law  of  nature,  this  becomes 

\m{f-v'')^lL{J-  FO,  (9) 

where  F  and  F'  are  the  potentials  of  the  attraction  at  the 
, distances  r  and  /,  respectively. 
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Again,  in  any  conservative  system  of  forces  tlie  change  in 
the  kinetic  energy  of  the  motion  under  the  action  of  the  forces, 
from  any  one  point  to  any  other,  is  a  function  of  the  coordi- 
nates of  the  points,  and  is  independent  of  the  path  described. 

132.  Equation  of  Energy. — In  general,  if  we  suppose 
any  free  rigid  body  acted  on  by  external  forces,  then  the 
total  work  done  by  the  external  forces  during  any  time  is 
equal  to  the  corresponding  change  of  the  kinetic  energy  of 
the  body. 

For  each  particle  of  the  body  moves  in  the  same  manner 
as  if  it  were  free  and  acted  on  by  forces  equal  to  those 
which  result  from  its  connexion  with  the  other  particles. 
Hence,  by  what  precedes,  the  change  in  the  kinetic  energy 
of  the  particle  is  equal  to  the  work  done  on  it  by  the  external 
forces,  together  with  the  work  due  to  the  stresses  which  arise 
from  the  action  of  the  other  particles  of  the  body  on  it. 
Accordingly,  the  total  change  in  the  kinetic  energy  of  the 
rigid  body  in  any  time  is  measured  by  the  work  done  by  the 
external  forces  in  that  time ;  since,  by  Art.  127,  the  internal 
stresses  in  this  case  do  no  work,  and  equation  (7)  may  be 
written  in  the  generalized  form 

4 Sm  («;*  -  i'o')  =  ^{Xdx  +  Ydy  +  Zdz),  (10) 

taken  between  proper  limits,  in  which  the  sign  of  summation, 
2,  is  extended  to  each  element  in  the  body. 

Examples. 

1.  A  locomotive  of  10  tons,  setting  out  from  rest,  acquires  a  velocity  of 
20  miles  an  hour  on  a  horizontal  railway,  after  running  through  a  mile  under 
the  action  of  a  constant  pressure.  Calculate  in  pounds  the  difference  between 
the  moving  and  retarding  forces,  approximately.  Ans.  67. 

2.  A  50  lb.  ball,  after  traversing  the  barrel  of  a  gun  of  5  feet  length,  leaves 
it  with  a  velocity  of  500  feet  per  second.  Find  approximately  the  difference 
between  the  mean  explosive  force  of  the  powder  and  mean  resistance  which  acts 
on  it.  Ans.  39062-5  lbs. 

3.  A  uniform  block  of  given  dimensions  stands,  with  one  face  perpendicular 
to  the  direction  of  motion,  on  a  railway  truck,  which  is  suddenly  stopped.  If 
the  block  be  prevented  sliding  upon  the  truck,  determine  the  speed  of  the  train 
so  that  the  block  shall  be  just  overturned. 

Here  the  kinetic  energy  of  the  block  is  expended  in  raising  its  centre  of 
gravity  until  it  is  vertically  over  the  edge  round  which  the  block  turns.  Accord- 
ingly, if  a  be  the  height  of  the  block,  and  b  the  length  of  its  edge  which  lies  in 
the  direction  of  motion,  the  required  velocity  v  is  given  by  the  equation 

v2  =  ^  (-^a2  +  i2  _  a). 
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4.  A  catapult  is  formed  by  fixing  the  ends  of  an  elastic  string  (natural  length 
21)  at  points  A  and^',  at  a  short  distance  apart  on  a  horizontal  plane.  A  bujlet 
placed  at  the  middle  point  of  the  string  is  drawn  back  at  right  angles  to  AA' 
^stretched  length  =  21'),  and  let  go  when  the  string  is  on  the  point  of  breaking. 
Prove  that  the  velocity  F  of  the  bullet  when  it  leaves  the  string  is  independent 
-of  the  distance  ^^',  and  is  to  the  velocity  V  it  would  have  acquired  in  falling 
through  the  vertical  space  V  —  lin  the  sub-duplicate  ratio  of  the  greatest  strain 
W  the  string  can  bear  to  the  weight  W  of  the  bullet.  Mr.  Whitworth,  Educ. 
Times. 

Let  V  be  the  velocity  of  the  bullet,  and  2r  the  length  of  the  string  at  any 
instant  during  the  motion;  then  adopting  Hooke's  law,  that  the  tension  of 
the  string  varies  directly  as  its  extension,  the  equation  of  work  becomes 


W 


V2  =  4  V  J^  (r  -  l)dr  =  2Jr'  {r  -  I), 
J I  I  —  t 


or  WV^  =  2g  {V  -  I)  W'=  TT'  V'\ 

5.  The  following  extension  of  the  last  question  is  given  by  Mr.  Townsend. 
If  in  place  of  a  single  cord  there  be  n  uniform  cords,  of  the  common  unextended 
length  21,  attached  to  as  many  pairs  of  diametrically  opposite  points  on  the  cir- 
cumference of  a  fixed  circle,  and  all  drawing  the  bullet  along  the  axis  of  the  cone 
of  which  the  circle  is  the  base,  and  the  bullet  at  the  vertex ;  then  we  shall  have 

WV^  =  2ng  W  {V  -  I)  =  W  V"^y 

where  V  is  the  velocity  due  to  the  height  n  {V  —  I). 

133.  Energy  of  Rotation. — To  find  tlie  kinetic  energy 
of  a  rigid  body  revolving  round  a  fixed  axis  with  an  angular 
velocity  w. 

Let  p  be  the  distance  from  the  fixed  axis  of  any  element 
dm  of  the  body ;  then  pu)  will  be  the  velocity  of  dm,  and 
accordingly  the  entire  vis  viva  of  the  body 

'^v'dm  =  w'  ^p'dm  =  (o%  (11) 

where  I  represents  the  moment  of  inertia  of  the  rigid  body 
relative  to  the  fixed  axis  {Int.  Calc,  Art.  196).  Thus  the 
kinetic  energy  required  is  |/a>^. 

Examples. 

1.  The  rim  of  a  fly-wheel,  sp.  gr,  7-25,  performing  6  revolutions  per 
miiiute,  is  6  inches  thick,  and  its  inner  and  outer  radii  are  4  and  5  feet  respec- 
tively ;  calculate  it»diinetie  energy  in  foot-pounds. 

Here  «  =  -,  and  M,  the  mass  of  the  fly-wheel  =  7*25  x  f  x  62| .  tt  .  lbs. 
5 
Also  {Int.  Calc,  Art.  201),  J=  M{\^) ;  hence  the  required  answer  is  805  foot- 
pounds, approximately. 
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2.  A  rod  of  uniform  density  can  turn  freely  round  one  end ;  it  is  let  fall 
from  a  horizontal  position ;  find  its  angular  velocity  wlien  it  is  passing  through 

the  vertical  position.  Ans.      /M,  ^here  a  is  the  length  of  the  rod. 

^  u 

3.  Two  masses  M  and  M'  are  connected  as  in  Atwood's  machine  (Art.  78) ; 
find  the  acceleration  when  the  mass  /*  of  the  revolving  pulley  is  taken  into> 
account.  If  v  he  the  common  velocity  of  M  and  M'  at  any  instant,  and  fik^  th& 
moment  of  inertia  of  the  pulley ;  then  the  entire  vis  viva  of  the  system  is  repre- 
sented hy  {M+  M')  v^  +  fih-o)^. 

Hence,  if  z  be  the  distance  fallen  through  from  rest,  we  have 

(Jf  +  Jf ' )  r2  +  fxBca^  =  2g{M-  M')  z. 
Also  V  =  aoa', 

.-.  v2  ((jf  +  M')  a^  +  AiP)  =  2ya2  [M-M')  z. 

Again,  the  acceleration  /=  —-  =  v  — - ; 

dt         az 

therefore  ga^M  -  M')     , 

•^      (JIf+if')«'  +  M' 

If  the  pulley  be  supposed  a  homogeneous  cylinder,  F  =  — -,  and/become* 

A 

g{M-M') 


4.  Find  in  the  same  case  the  tensions  of  the  strings. 

2M'  a^  +  ii.B  2Ma^  +  m^^ 

^*'        ^  ( Jf  +  Jf' )  a2  +  M2  *         ^  (if  +  if')  a2  +  ^^Ti-i 
For  a  homogeneous  pulley  these  become 


2(Jf+lf')  +  /x'  ^2(Jf  +  ilf')  +  M 

5.  A  homogeneous  cylinder,  of  weight  7F,  is  rotating  round  its  axis,  sup- 
posed horizontal,  with  an  angular  velocity  w  ;  find  to  what  height  it  is  capable 
of  raising  a  given  weight  P,  before  coming  to  rest. 

r-eo^  W 

Ans.   — — ,  where  r  is  the  radius  of  the  cylinder. 

\g     r 

134.  ITis  ITiva  of  any  System. — If  ^,  ^,  i  be  the  co- 
ordinates of  the  centre  of  gravity  of  any  moving  system  of 
masses  at  any  instant,  x^  ?/,  %  the  coordinates  of  the  element 
dm  at  the  same  instant ;  also,  if  ^,  rj,  Z,  be  the  coordinates 
of  dm  relative  to  a  system  of  parallel  axes  drawn  through  the 
centre  of  gravity;  then,  as  in  Art.  14,  we  have,  adopting 
Newton's  notation, 

i  =  ^  +  ?,    y  =  y+'riy    z  =  z  +  t; 
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consequently, 

2i;Vm  =  S^m  { (^  4-  if  +  {y  +  nY  +  (s  +  tf)  • 

Again,  if  V  be  the  velocity  of  the  centre  of  gravity,  and 
v'  the  velocity  of  dm  relative  to  the  centre  of  gravity,  we  have 


Hence  we  get 

S«j'  dm  =  F'S  t/m  +  St?''  c^w.  (12) 

Accordingly,  the  vis  viva  of  the  system  at  any  instant  con- 
sists of  two  parts,  one  of  which  is  the  vis  viva  of  the  entire  mass 
supposed  concentrated  at  the  centre  of  gravity ;  the  other  is 
the  vis  viva  of  the  system  relative  to  the  centre  of  gravity 
regarded  as  a  fixed  point.  This  result  obviously  holds  good 
also  for  the  kinetic  energy  of  the  motion. 

Examples. 

1.  A  homogeneous  cylinder  rolls,  without  slipping,  down  a  rough  inclined 
plane,  under  the  action  of  gravity ;  investigate  the  motion. 

Since  the  motion  is  one  of  pure  rolling,  the  line  of  contact  of  the  cylinder 
and  plane  at  any  instant  may  he  regarded  as  fixed ;  accordingly  the  friction 
acting  along  the  plane  does  no  work.  Also,  hy  Art.  133,  the  kinetic  energy  at 
any  instant  is  represented  hy  |«"^  jT,  where  /  is  the  moment  of  inertia  of  the 
cylinder  with  respect  to  the  edge  in  contact  with  the  plane.  But  J=  M{a'^  4-  Jc^), 
where  a  is  the  radius  of  the  cylinder,  and  Mk"^  its  moment  of  inertia  relative  to- 
the  axis  through  its  centre.     Hence  the  equation  of  work  gives 

Jf«2(a2  +  Z;2)  =2^ilfssini, 

where  s  is  the  space  down  the  plane  descrihed  from  rest.    Consequently, 

2qs  sin  i 


.    Also,  —  =  V  =  a»  ; 


d^  +  A2  '  dt 


.  (ds\^    2gd^  saint 

therefore,  by  differentiation, 


dh      a^ff  sin  i 

dH^  ^2  +  k"^  ' 
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This  shows  that  the  acceleration  down  the  plane  is  constant.  Hence  the 
velocity  acquired,  and  the  space  described  in  any  time,  can  at  once  be  determined. 
If  the  cylinder  be  homogeneous,  we  have  k"^  =  fff^  {Int.  Calc,  Art.  201),  and 
the  acceleration /in  this  case  is  |^  sin  i.  This  shows  that  the  velocity  of  the 
centre  of  gravity  of  the  cylinder  is  f  that  acquired  by  a  particle,  in  the  same 
time,  in  sliding  down  a  smooth  inclined  plane  of  the  same  inclination.  If  the 
cylinder  be  hollow,  k  =  a,  and  accordingly  f=^ff  sin  i. 

2.  A  mass  M  draws  up  another,  M',  on  the  wheel  and  axle;  find  the  motion. 
Let  a  be  the  radius  of  the  wheel,  a'  that  of  the  axle ;  then,  as  in  Ex.  3, 
Art.  133,  it  is  easily  seen  that  we  get 

(^]  (ifa2  +  M'a'^  +  fjik-')  =  2ff{Ma  -  M'a')e  +  const. 

Hence,  by  differentiation, 

d^e  _     ff{Ma  -  M'a') 
If'  ~  Ma^+M'a'^  +  /xk^' 

Accordingly,  ii  9  =  0,  and  ^-  =  0,  when  if  =  0,  we  get  for  the  angle  turned 
at 
through  in  the  time  tj 

,     „        Ma  —  M'a' 


^^    Ma^+M'a^-V  fik"^ 

3.  Find  the  tensions  of  the  strings  in  the  same  case. 

M'a' {a  +  a')  +  fik'^  Ma  {a  +  a)  +  fikr 

^^*-  ^^M^M'a-^-Vtik!^'     ^^  Ma^  +  M'a"^  +  p.r-' 

4.  Find  the  velocity  acquired  by  the  centre  of  a  hoop  in  rolling  down  a^  in- 
clined plane  of  height  h.  Ans.  sLpi, 

135.  ^U^ork  done  by  an  Impulse. — If  a  mass  M 
moving  with  a  velocity  F receives  an  impulse  in  the  direction 
of  its  motion,  and  if  V'  be  its  velocity  after  the  impulse,  then 
the  change  in  its  kinetic  energy  is 

\M{T''-  V')  =  M{V'-  V).i{r+  V). 

But  M{  V  -  V)  measures  the  impulse.  Hence  the  work 
done  by  the  impulse  is  measured  by  the  product  of  the 
momentum,  which  measures  the  impulse,  by  half  the  sum  of 
the  velocities  before  and  after  the  impulse. 

For  example,  a  bullet  m  in  passing  through  a  plank  expe- 
riences a  definite  amount  of  resistance,  measured  by  the 
thickness  and  by  the  resisting  force ;  but  this  equals  half  the 
loss  of  vis  viva  of  the  bullet,  or 

^m  {v^  -  v"^)  =  ni{v  -  v') .  J («^  +  v), 
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where  v  and  v'  are  the  velocities  with  which  it  meets  and 
leaves  the  plank.  Hence  the  momentum  m  {v  -  v)  commu- 
nicated to  the  plank  varies  inversely  as  «?  +  «;' :  consequently 
the  greater  the  velocity  of  impact  the  less  the  momentum 
imparted.  This  explains  how  a  bullet  with  a  high  velocity 
can  pass  through  a  door  without  moving  it  on  its  hinges. 

136.  Compound  Pendulum. — A  solid  body  oscillating 
under  the  action  of  gravity,  around 
a  fixed  horizontal  axis,  is  called  a 
compound  pendulum.  The  motion  of 
such  a  body  is  readily  reduced  to 
that  of  the  corresponding  simple 
pendulum,  as  follows  : 

Let  the  plane  of  the  paper  re- 
present that  in  which  the  motion  of 
G,  the  centre  of  inertia  of  the  body, 
takes  place,  and  let  0  be  the  point 
in  which  the  fixed  axis  intersects 
that  plane.  Draw  OY  vertically 
downwards,  and  let  GO  =  ^,  M  =  mass  of  the  body.  Also 
\QtLGOY=d. 

Suppose  the  pendulum  to  start  from  rest,  when  0  =  a ; 
then,  in  the  time  t,  the  point  G  will  have  descended  through 
the  vertical  height  a  (cos  Q  -  cos  a).  Also  the  vis  viva  of  the 
body  at  the  same  instant  (Art.  133)  is  represented  by 

Hence,  by  the  principle  of  work.  Art.  132,  we  have 

iI-tt)  =  2Mga{G08  0  -  cos  a). 

If  the  moment  of  inertia  /  be  represented  by  ME^,  the 
latter  equation  becomes 

—  j  =  2ga  (cos  6  -  cos  a), 

where  Kis  the  radius  of  gyration  of  the  body  [Int.  Calc, 
Art.  197),  relative  to  the  axis  of  suspension. 


K' 
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Hence,  by  differentiation, 

d-Q         g(^      '      n        f\  /io\ 

— +^sm0  =  O.  (13) 

Comparing  this  with  the  corresponding  equation  for  the 
motion  of  a  simple  pendulum  (Art.  101),  we  see  that  the 
motion  is  the  same  as  that  of  a  simple  pendulum  of  length 

a 

Again,  if  Mk^  be  the  moment  of  inertia  relative  to  an  axis 
through  the  centre  of  inertia  parallel  to  the  axis  of  suspension, 
we  have  [Int.  Calc,  Art.  196), 

K'^d'+k^', 

hence  /  =  —  =  «  +  — .  (14) 

a  a  ^     ^ 

The  point  0  is  called  the  centre  of  suspension.  If  OGhQ 
produced  until  OC  =  I,  since  the  body  moves  as  if  its  entire 
mass  were  concentrated  at  the  point  (7,  that  point  is  called 
the  centre  of  oscillation.  Again,  if  through  C  a  right  line  be 
drawn  parallel  to  the  axis  of  suspension,  all  the  points  of  this 
line  move  like  the  point  C,  i.  e.  as  if  they  were  freely  sus- 
pended from  the  axis  of  rotation.  This  line  is  called  the  axis 
of  oscillation. 

Again,  since  OG  .  GC  =  k^,  the  axes  of  suspension  and 
oscillation  are  interchangeable,  i.  e.  the  time  T  of  an  oscilla- 


tion is  the  same  for  both,  viz.,  T  =  ir 


j  a^  +  k' 
^l     ag 


By  varying  the  axis  of  suspension,  the  time  of  a  small 

oscillation  will  also,  in  general,  vary. 

For  parallel  axes,  T  obviously  is  a  minimum  when  a  =  k, 

f2k 
and  the  corresponding  time  of  a  small  oscillation  =  tt    / — ' ' 

In  order  that  this  should  be  the  smallest  possible,  the 
axis  of  suspension  must  be  parallel  to  that  axis  round  which 
the  moment  of  inertia  is  least  {Int.  Calc,  Art.  217). 
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If  the  axis  of  suspension  of  a  compound  pendulum  be 
inclined  at  an  angle  a  to  the  vertical,  it  is  readily  seen  that 
the  preceding  investigation  holds  good,  provided  g  sin  a  be 
substituted  for  g  throughout. 

Again,  as  in  Art.  101,  the  time  of  any  motion  of  a  com- 
pound pendulum  is  represented  by  an  elliptic  integral. 

Also,  if  a  solid  body  make  a  complete  revolution  round  a 
horizontal  axis,  the  time  of  revolving  through  any  angle  can 
be  reduced  to  that  for  the  corresponding  oscillatory  motion 
of  a  particle. 

Examples. 

1 .  A  uniform  circular  plate,  of  radius  a,  makes  small  oscillations  about  a  hori- 
zontal tangent ;  find  the  length  of  the  equivalent  simple  pendulum.     Atis.  f «. 

2.  Find  the  position  of  the  axis  with  respect  to  which  a  uniform  circular 
plate  will  oscillate  in  the  shortest  time. 

Ans.  The  axis  is  at  a  distance  of  half  the  radius  from  the  centre.    Length  of 
the  equivalent  pendulum  =  a. 

3.  Find  the  centre  of  oscillation  of  a  homogeneous  sphere,  of  radius  a,  oscil- 
lating round  a  horizontal  tangent  to  its  surface. 

Ans.  At  a  point  f «  below  the  centre. 

4.  Find  the  ratio  of  the  times  of  oscillation  of  a  homogeneous  solid  sphere, 
and  of  a  spherical  shell  of  equal  diameter,  each  being  taken  with  reference  to  a 
horizontal  tangent.  Ans.  V21  :  5. 

6.  A  sphere  of  radius  a  is  suspended  by  a  fine  wire  from  a  fixed  point,  at  a 
distance  I  from  its  centre ;  prove  that  the  time  of  a  small  oscillation  is  repre- 
sented by  TT   / — — (1  +  ^sin^ia),  where  a  represents  the  amplitude  of  the 

\     olg 
vibration. 

6.  If  the  semiaxes  of  a  uniform  elliptic  disc  be  2  feet  and  1  foot,  and  it  be 
suspended  from  an  axis  perpendicular  to  its  plane  through  one  of  its  foci,  find 
the  time  of  a  complete  oscillation  under  gravity. 


Ans. 


2V3 


\9 


137.  Betermination  of  the  Force  of  Cravity. — We 

have  already  seen  (Art.  103)  that  the  value  of  g  at  any  place 

can  be  determined  from  the  length  of  the  seconds  pendulum 

at  the  place.     To  apply  this  it  is  necessary  to  know  the  nu- 

.    ,      .        ^a^  -vW- 

merical  value  oi 

a 

Two  methods  have  been  devised  for  this  purpose — one 

employed  by  Borda,  Arago,  Biot,  and  others ;  the  other  first 
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used  by  Bolinenberger,  and  afterwards  brought  to  great  per- 
fection by  Captain  Kater. 

In  the  first  method  the  compound  pendulum,  supposed 
made  of  a  material  of  uniform  density,  has  such  a  shape  that 
its  radius  of  gyration  can  be  calculated  mathematically,  as 
also  the  distance  of  its  centre  of  inertia  from  the  fixed  axis. 

The  second  method  depends  on  the  reciprocity  of  the 
centres  of  suspension  and  oscillation. 

Kater's  compound  pendulum  consisted  of  a  heavy  bar 
having  two  apertures  at  opposite  sides  of  the  centre  of  inertia,, 
through  which  knife  edges  passed,  on  either  of  which  the 
body  could  be  supported.  On  the  bar  was  placed  a  ring 
capable  of  being  moved  up  or  down  by  means  of  a  screw. 
Kater  moved  the  ring  until  the  times  of  oscillation  round  the 
two  axes  were  equal ;  in  which  case,  by  the  preceding,  the 
distance  between  the  axes  is  equal  to  the  length  of  the  equi- 
valent simple  pendulum.  The  distance,  /,  between  the  axes 
having  been  accurately  measured,  the  value  of  g  was  calcu- 

_2  7 

lated  from  the  formula  g  =  ^,  where  T  denotes  the  time  of 

an  oscillation. 

Kater  published  an  account  of  his  observations  in  the 
Philosophical  Transactions,  1818,  1819.  For  a  more  detailed 
account  of  this  method  the  reader  is  referred  to  Routh's  Rigid 
Dynamics,  Arts.  100-108. 

138.  Motion  of  a  Rigid  Body  round  a  Fixed  Axis. 

— In  general,  let  a  force  P,  in  a  direction  which  is  at  right 
angles  to  the  fixed  axis,  act  on  a  body;  then  for  a  small 
angular  motion  dQ  the  work  done  by  P  is,  by  Art.  128,  re- 
presented by  FpdO.  Again,  as  this  work  is  equal  to  the 
corresponding  change  in  the  kinetic  energy  of  the  body,  we 
have 

Fp  dQ  =  IMk'd  f^  Y=  Mk'  ^  dd. 
\dtj  dt^ 

Hence  we  get 

drQ  _  Pp  _  Moment  of  impressed  force 
df      Mk^  Moment  of  inertia 


(15) 
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Examples. 

1.  A  uniform  circular  plate  of  1  foot  radius  and  1  cwt.  revolves  round  its 
axis  5  times  per  second  ;  calculate  its  kinetic  energy  in  foot  pounds. 

Ans.  863,  approximately. 

2.  A  bent  ley&r:  ACB  rests  in  equilibrium  wben  ^C  is  inclined  at  tbe  angle  a 
to  the  horizontal  line  ;  show  that  when  this  arm  is  raised  to  the  horizontal  posi- 
tion it  will  fall  through  the  angle  2a,  C  being  supposed  fixed. 

3.  A  homogeneous  cylinder,  of  mass  Jf,  and  radius  <?,  turns  round  a  hori- 
zontal axis ;  a  tine  thread  is  wrapped  round  it,  and  has  a  mass  M'  attached  to  its 
extremity.  Find  the  angular  velocity  of  the  cylinder  when  M'  has  descended 
through  the  height  h. 

Ans.  Q>*  = . 

4.  A  right  cone  oscillates  round  a  horizontal  axis,  passing  through  its  vertex 
and  perpendicular  to  the  axis  of  the  cone ;  find  the  length  of  the  equivalent 
simple  pendulum. 

Ans.    — — — ,  where  h  is  the  height  of  the  cone,  and  b  the  radius  of  its  base. 
oh 

5.  If  in  the  last  example  the  cone  be  let  fall  from  the  position  in  which  its 
axis  is  horizontal,  find  its  angular  velocity  when  in  the  lowest  position. 

Ans,  (0^  = . 

6.  In  the  same  case  find  the  pressure  on  the  fixed  axis,  at  the  lowest  position 
of  the  body,  arising  from  centrifugal  force  (Art.  98). 

Ans.   —  T^TTi — Ti '  "^^^^^  ^  represents  the  weight  of  the  cone. 

7.  A  thin  beam,  whose  mass  is  M  and  length  la,  moves  freely  about  one  ex- 
tremity attached  to  a  fixed  point  whose  distance  from  a  smooth  plane  is  b,  {b  <  2a) : 
the  other  extremity  rests  on  the  plane,  the  inclination  of  which  is  a.  If  the 
beam  be  slightly  displaced  from  its  position  of  equilibrium  determine  the  time 
of  its  small  oscillations. 

Indian  Civil  Service  Exam.,  1860. 

In  this  case  the  beam  may  be  regarded  as  turning  round  the  perpendicular 
on  the  plane. 

8.  A  bullet  weighing  50  grammes  is  fired  into  the  centre  of  a  target  with  a 
velocity  of  500  metres  a  second.  The  target  is  supposed  to  weigh  a  kilogramme, 
and  to  be  free  to  move.  Find,  in  kilogrammetres,  the  loss  of  energy  in  the 
impact. 

Lond.  Univ.,  1880.  Ans.  635*6. 

9.  "When  the  weight  P  of  the  pulley  is  taken  into  account,  show  that  equa- 
tion (9),  Art.  76,  becomes 


ia  which  the  pulley  is  supposed  to  be  of  uniform  density  and  thickness. 

L 
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10.  If  the  motion  of  a  solid  body  acted  on  by  attracting  forces  be  a  pure  ro- 
'tation,  the  velocity  cw  of  rotation  at  any  instant  will  be  given  by  the  equation 

JIfF(«2-„>)  =  2(r-  To), 

where  V  represents  the  potential  of  the  attracting  forces. 

11.  A  hollow  cylinder  rolls  down  a  perfectly  rough  inclined  plane  in  10  mi- 
nutes ;  find  the  time  a  uniform  solid  cylinder  would  take  to  roll  down  the  same 
plane.  Ans.  5  V^  minutes. 

12.  The  particles  composing  a  homogeneous  sphere  of  mass  Jlf  and  radius  R 
were  originally  at  an  infinite  distance  from  each  other :  find  the  work  done  by 
their  mutual  attraction. 

Suppose  the  sphere  in  question  to  have  been  formed  by  the  condensation  of 
an  indefinitely  diffused  nebula  ;  and  imagine  the  sphere  divided  into  a  number 
of  concentric  spheres.  Let  M'  be  the  mass  contained  in  the  sphere  whose  radius 
is  r  ;  then  we  have 

Also,  if  dM'  be  the  mass  bounded  by  the  spheres  r  and  r  +  dr^  then 

r^dr 
dM'=ZM-^' 

Accordingly  the  work  done  in  condensing  dM',  in  consequence  of  the  attraction 
of  the  interior  mass  M\  is,  by  (5)  Art.  126, 

M'  M^ 

fi—dM'=Sfi-^r*dr. 

Hence  the  whole  work  done  in  the  condensation  of  M  is 
jif  2  .«  3     JIP 
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CHAPTEE    VII. 

CENTRAL   FORCES. 

Section  I. — Rectilinear  Motion. 

139.  Centre  of  Force. — We  next  proceed  to  consider 
motion  under  the  action  of  a  force  whose  direction  always 
passes  through  a  fixed  point,  and  whose  intensity  is  a  func- 
tion of  the  distance  from  that  point.  The  fixed  point  is 
called  the  Centre  of  Force;  and  the  force  is  said  to  be  attrac- 
tive or  repulsive  according  as  it  is  directed  towards  or  from 
the  centre. 

If  we  assume  that  two  particles  of  equal  mass,  placed  at 
the  same  distance  from  a  centre  of  attractive  force,  are  equally 
attracted  towards  the  centre,  when  they  are  conceived  placed 
together,  the  whole  force  acting  on  them — considered  as  one 
mass — will  be  double  that  which  acts  on  one  of  the  particles. 
Similarly,  if  any  number  {n)  of  equal  particles  be  placed 
together,  the  whole  force  will  be  n  times  that  which  acts  on 
a  single  particle.  Hence  it  follows  that  in  such  cases  the 
whole  attracting  force  is  proportional  to  the  number  of  par- 
ticles, i.  e.  to  the  mass  of  the  attracted  body — provided  the 
attracted  mass  be  of  such  small  dimensions  that  the  lines 
drawn  from  its  several  points  to  the  centre  of  force  may  be 
regarded  as  equal  and  parallel.  Accordingly  the  force,  in 
this  case,  is  proportional  to  the  attracted  mass ;  consequently 
the  acceleration  produced  by  it  is  independent  of  the  mass 
attracted,  and  is  a  function  of  the  distance  from  the  centre 
of  force  only. 

140.  Attractlon.^The  acceleration  due  to  an  attractive 
force,  at  any  distance,  is  called  the  attraction  of  the  force, 
and  is,  as  we  have  seen,  independent  of  the  mass  of  the 
attracted  particle.  Consequently  the  measure  of  an  attractive 
force  at  any  distance  is  the  velocity  per  second  which  the 

L  2 
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central  force  could  generate  in  one  second,  in  its  own  direc- 
tion, if  it  were  conceived  to  act  uniformly  during  that  time. 
Por  instance,  g,  i.  e.  the  velocity  acquired  in  one  second  by 
a  falling  body  (Art.  38),  measures  the  attractive  force  of  the 
Earth,  at  any  place,  and  is,  as  already  stated,  the  same  for 
all  bodies  at  that  place. 

141.  Rectilinear  Hotion. — If  the  particle  acted  on  be 
originally  at  rest,  or  be  projected  in  the  line  joining  its  posi- 
tion to  the  centre  of  force,  its  motion  will  take  place  in  that 
right  line. 

Taking  this  line  for  the  axis  of  a*,  and  the  fixed  centre  as 
origin,  we  have  for  the  equation  of  motion  (Art.  21), 

where  F  represents  the  attraction  at  the  distance  x,  which  is 
taken  with  the  negative  sign  because  it  tends  to  diminish  the 
velocity. 

We  shall  illustrate  equation  (1)  by  applying  it  to  a  few 
elementary  cases. 

142.  Force  Varying  as  the  Distance. — If  the  force 
be  proportional  to  the  distance  from  the  fixed  centre,  we 
may  assume  F -=  fix;  then,  for  attractive  forces,  the  equation 
of  motion  becomes 

d'^x  d'^x  -  ._. 

-_  =  _^^,  or^  +  ^*  =  0.  (2) 

This  equation  has  been  already  considered  in  Art.  109, 
and  accordingly  we  have 

X  =  C  cost  ^fi  +  C  sin  t  ^/fi.  (3) 

The  constants  C  and  C  are  determined  from  the  initial 
circumstances  of  the  motion. 

For  example,  if  the  particle  start  from  rest,  at  the  distance 
a  from  the  centre  of  force ;  then,  when  ^  =  0,  we  have  x  =  a 

and^^  =  0:    this  gies   ' .-         «i.V^\ 

0  =  a,  and  C"=0; 
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and  consequently  x  =  a  QO^t  y^.  This  determines  the  posi- 
tion of  the  particle  at  any  instant,  and  shows  that  the  motion 
consists  of  a  simple  harmonic  vibration. 

Again,  if  {f  -  t)  ^fi  =  27r,  it  is  evident  that  the  values  of  x 

doc 
and  of  —  are  the  same  at  the  end  of  the  time  t'  as  at  the 

dt 
time  t :  this  shows  that  the  motion  is  oscillatory,  and  that  the 

time  of  a  complete  vibration  is  — — .     (Compare  Art.  111.) 
For  a  repulsive  force  the  equation  of  motion  is 

5?  =  "^-  (') 

Accordingly  (Art.  109),  we  have 

X  =  Ce^^'y-  +  C'e-*'^'^. 

To  determine  the  constants :  suppose,  as  in  the  former 
case,  the  particle  starts  from  rest,  at  the  distance  a ;  then 

a  =  C  +  C",  and  (7  -  C  =  0. 

Hence  x  =  ^a[e*'^>^  +  e'^'^^).  (5) 

/   143.  Inverse  ISquare  of  Distance. — In  the   case  of 
the  law  of  nature,  in  which  the  attractive  force  varies  as  the 

inverse  square  of  the  distance,  we  have  F=  -^ ;  and  the  dif- 

X 

ferential  equation  of  motion  is 

df      x' 

Multiplying  by  2dx,  and  integrating,  we  get 
'dx\    2/i 


\dt) 


const. 
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Hence,  if  the  particle  be  supposed  to  start  from  rest,  at 
the  distance  a, 


(I)-' ('-3- 


This  equation  determines  the  velocity  at  any  distance 
from  the  centre  of  force. 

Again,  extracting  the  square  root,  and  transforming,  we 
get 

^2ixdt^-^^^^^  (7) 


Sx     a 


The  negative  sign  is  taken  since,  in  the  motion  towards 
the  centre  of  force,  x  diminishes  as  t  increases. 

To  integrate  this  equation,  assume  x  =  a  cos'^  0 ;  then 


-  =»  — —.  and  dx  =  -^a  sin  0  cos  ^dQ\ 
^     ^      ^a 


J-- 

\x 


consequently  ^^^idt  =  2a^  cos"  Odd ; 

hence  t  =    Ik-  {0  +  i  sin  29)  +  constant. 

Again,  the  constant  vanishes,  since  t  and  9  vanish  when 
X  =  a; 

.:t  =  J^{d  +  ism2e).  (8) 

Hence  the  time  of  motion  from  the  distance  a  to  the 
distance  a;  is  _ 

Also  the  time  of  motion  to  the  centre  of  force  is 
2  yJ2iLi' 
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Again,  if  the  body  be  supposed  to  start  from  an  indefi- 
nitely great  distance  we  have,  making  a  =  oo  in  (6), 

«?^  =  ?^.  (10) 

tvY^  144.  Application  to  the  £arth. — We  have  seen,  in 
Art.  126,  that  the  attraction  of  a  homogeneous  sphere  is  the 
same  as  if  its  mass  were  concentrated  at  its  centre.  Hence, 
the  results  of  the  last  Article  can  be  readily  applied  to  the 
approximate  determination  of  the  motion  of  a  body  falling 
from  any  height  above  the  Earth's  surface,  all  resistance  of 
the  atmosphere  being  neglected. 

In  this  case  g  measures  the  Earth's  attraction  at  its  sur- 
face ;  hence,  if  B  denote  the  Earth's  radius,  we  have  fx  =  gE^, 
and  if  this  value  be  substituted  for  ju,  we  can  readily  deter- 
mine the  velocity  and  time  of  motion  in  any  particular  case. 

For  instance,  the  velocity  V  with  which  a  body  falling 
from  the  height  h  would  reach  the  surface  of  the  Earth  is 
given  by  the  equation 

Also,  by  (9),  the  time  of  motion  in  seconds  is 


JE  +  h  iE  +  h    .         I    h  jh  ) 

^-2i-\-E-''''^Erh'-M 


where  E  and  h  are  expressed  in  feet. 
li  E  =  nhy  this  becomes 


jh_  {l+7i)  ( 1+n    .    ^        1 
^l2g     n       I  y^^^^    Tit 


n 


When  71  is  a  large  number  this  becomes,  approximately, 

(12) 


Jv(}^iy 
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If  the  body  be  supposed  to  start  from  an  infinite  distance, 
the  velocity  with  which  it  would  reach  the  Earth  is  given  by 
the  equation 

e  =  2gR.  (13) 

145.  Comparison  of  Attraction  of  Different  Sphe- 
rical Bodies. — Let  M,  M'  denote  the  masses  of  two  spheres ; 
^,  h'  their  mean  densities  ;  r,  /  their  radii ;  /,/'  their  attrac- 
tions at  their  surfaces,  respectively :  then  we  have 

.     ^     M     M'     .      .,, 


For  example,  if  D  be  the  mean  density  of  the  Earth,  and 
R  its  radius,  then  /,  the  attraction  at  the  surface  of  a  planet 
of  radius  r  and  mean  density  S,  is  given  by  the  equation 

If  the  mean  densities  be  the  same  for  both,  we  have 

If  we  assume  the  mean  density  of  the  Sun  to  be  one- 
fourth  that  of  the  Earth,  and  its  radius  104  times  that  of  the 
Earth,  then  the  velocity  acquired  in  one  second  by  a  falling 
body  at  the  Sun's  surface  is  approximately  represented  by  26^. 

In  the  case  of  the  mutual  attraction  of  two  spheres,  it  is 
often  convenient  to  assume  the  origin  at  their  common  centre 
of  gravity,  which  remains  a  fixed  point  during  the  motion. 
For  instance,  if  two  equal  spheres,  each  of  radius  r,  be  placed 
at  a  given  distance  apart,  and  left  to  their  mutual  attraction, 
this  method  may  be  employed  to  find  the  time  they  would 
take  to  come  together. 

Let  2a  be  the  initial  distance  between  their  centres,  and 
assume  the  origin  0  at  the  middle  point  of  the  line  joining 
the  centres.     If  x  be  the  distance  of  the  centre  of  either 

sphere  from  0  at  any  time ;  then  j-^  represents  the  corre- 
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sponding  attraction,  and  the  time  required  is,  by  (9),  repre- 
sented by  the  expression 

where  ju  can  be  determined  by  the  equation 


Examples. 

1.  If  A  be  the  height  due  to  the  velocity  Fat  the  Earth's  surface,  supposing 
its  attraction  constant,  and  S  the  corresponding  height  when  the  variation  of 
gravity  is  taken  into  account,  proTe  that 

1  _  J__  J_ 

h~ e:~  e' 

2.  If  a  man  weigh  10  stone  on  the  Earth's  surface,  calculate,  approximately, 
his  weight  if  he  were  transferred  to  the  surface  of  the  Sun. 

Ans.  1  ton,  13  cwt. 

3.  Calculate,  approximately,  the  velocity  with  which  a  body  falling  from  an 
indefinitely  great  distance  would  reach  the  surface  of  the  Earth,  neglecting  all 
forces  besides  the  Earth's  attraction,  and  assuming  R  =  4000  miles. 

Ans.  7  miles  per  second. 

4.  Calculate,  in  like  manner,  the  velocity  with  which  a  body  falling  from  an 
indefinitely  great  distance  would  reach  the  surface  of  the  Sun. 

Ans,  364  miles  per  second. 

6.  In  a  work  erroneously  attributed  to  Sir  Isaac  Newton,  it  is  stated,  that  if 
two  spheres,  each  one  foot  in  diameter,  and  of  a  like  nature  to  the  Earth,  were 
<listant  by  but  the  fourth  part  of  an  inch,  they  would  not,  even  in  spaces  void  of 
resistance,  come  together  by  the  force  of  their  mutual  attraction  in  less  than  a 
month's  time. 

Investigate  the  truth  of  this  statement.  Sch.  Ex.,  1883. 

Equation  (15)  gives  in  this  case  for  the  time,  in  seconds, 


700  VII  !  ??  sin-i  /M 


—  Sm-l  I  ;:      +  7^ 

96  \ll        8V3 


This  gives  about  5  minutes  and  38  seconds. 

If  the  question  be  solved  on  the  assumption  that  the  attraction  is  constant 
during  the  motion,  and  equal  to  that  when  the  spheres  are  touching,  the  time 
required  is  readily  found  to  be,  approximately,  =  100  \^  =  5  m.  32  sees. 

It  may  be  observed  that  the  former  result  follows  from  this  immediately  by 
application  of  formula  (12). 
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6.  Show  that  if  a  sphere,  of  the  same  density  as  the  Earth,  attract  a  particle 
placed  at  the  fi^^  part  of  its  radius  from  its  surface,  the  time  of  motion  to  the 
surface  is  the  same  as  that  of  a  particle  moving  to  the  Earth  from  a  distance 
equal  to  the  w*^  part  of  its  radius. 

7.  "What  is  meant  hy  the  Astronomical  Unit  of  Mass? 

The  astronomical  unit  of  mass  is  that  mass  which  attracts  a  particle  placed  at 
the  unit  of  distance  so  as  to  produce  in  it  the  unit  of  acceleration  in  the  xinit  of 
time. 

8.  If  a  foot  and  a  second  be  taken  as  the  units  of  length  and  time,  calculate, 
approximately,  the  number  of  pounds  in  the  astronomical  unit  of  mass. 

Let  Jlf  denote  the  mass  of  the  Earth,  and  m  that  of  the  astronomical  unit; 
then  we  have 

M  ,  M 

—  :  m  =  ff  :  1,     or    m  =  --, 

where  r  is  the  radius  of  the  Earth  in  feet.  Now  assuming  D,  the  mean  density 
of  the  Earth,  to  be  b\  that  of  water,  the  mass  of  a  mean  cubic  foot  of  the  Earth 
is  344  lbs.  approximately.  If  we  assume  the  radius  of  the  Earth  to  be  4000  miles, 
we  get 

M      4  irr 

—  =  -  —  X  344  =  951,000,000  lbs.,  approximately. 

9.  Taking  the  value  of  gravity  as  981  in  centimetres  and  seconds,  and  the 
Earth's  radius  as  6-37  x  10^  centimetres  :  find  the  Earth's  mass  in  astrono- 
mical units.  Ans,  398  x  lO^^. 

146.  Force  any  Function  of  Distance. — If  the  force 
be  attractive,  and  vary  inversely  as  the  n*^  power  of  the  dis- 
tance, the  equation  of  motion  becomes 

dt^      0?^ 
Multiply,  as  before,  by  2dx,  and  integrate ;  then 


fdx\ 
\dt) 


dxV      2^      1 

= 7— TT  +  const., 

dtj     n-1  x^-"^  ' 


2        2)u     1 
or  r  =  — ^  — -  +  const. 

n-1  x""^ 

If  the  attracted  particle  start  from  rest  at  the  distance  «r,. 
we  have 


,__2a.    /  1        1 


(16) 
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This  determines  the  velocity  at  any  distance  from  the 
centre. 

In  general,  if  F=fi(^\x),  we  have 

and,  proceeding  as  before,  we  get 

f  -17  I  +  2^  J  ^\x)  dx  =  const. 

If  V  denote  the  velocity  at  the  distance  a,  this  gives 

v'-V'-2fi[<t>{a)-<^[x)].  (17) 

If  the  body  start  from  rest  at  the  distance  a,  its  velocity 
at  any  distance  x  is  given  by  the  equation 

^'  =  2^{0(^)-0(^)).  (18) 

The  results  in  this  Article  follow  also  immediately  from 
Art.  131. 

147.  Elastic  Strings. — We  next  proceed  to  consider 
a  few  simple  cases  of  rectilinear  motion  for  heavy  bodies 
attached  to  elastic  strings. 

We  assume  that  in  all  cases  Hooke's  law,  that  the  tension 
of  the  string  is  proportional  to  its  extension  beyond  its  natural 
length,  is  applicable  throughout  the  motion ;  and  we  neglect 
the  weight  of  the  string. 

Let  us  commence  with  the  following  example  : — 

One  end  of  an  elastic  string  is  attached  to  a  fixed  point  on 
a  smooth  horizontal  table,  and  the  other  end  to  a  particle,  of 
mass  m,  on  the  table.  If  the  string  be  extended  beyond  its 
natural  length,  and  then  let  go,  to  find  the  subsequent  motion 
of  the  particle. 

Let  a  be  the  natural  length  of  the  string,  x  its  length  at 
any  instant  during  the  motion ;  then  x  -  a  represents  its 
extension  at  that  instant. 

Again,  let  h  represent  the  extension  when  we  suppose  the 
string  to  hang  freely  supporting  the  given  particle ;  then,  by 
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Hooke's  law,  the  tension  Tof  the  string  for  the  extension 
^  -  a  is  represented  by 

T^mg''-^.  (19) 

Accordingly,  the  equation  of  motion  of  the  particle  is 

J%f(.-a)  =  0.  (20) 

Integrating,  we  have 

x  =  a  +  C  cos  Jjt+  C'sin   /|- 1. 

To  determine  the  constants,  let  a'  denote  the  initial  length 
of  the  string  ;  then 

a'  ='  a  +  C,  i. e.  C  =  a' -  a; 

dec 
also,  since  j7=^,  when  i^  =  0,  we  have 
az 

Consequently,  x  =  a  +  {a'  -  a)  cos  J—  t.  (21) 

This  gives  the  position  of  the  particle  so  long  as  the  string 
is  stretched,  i.  e.  so  long  as  x  is  greater  than  a. 

The  velocity  at  any  instant  is  given  by  the  equation 


dx        ,  ,       s    \q    .      h  . 


The  length  x  becomes  equal  to  a,  or  the  string  regains  its 
natural  length,  and  the  tension  ceases  to  act  at  the  end  of 


TT    jb_ 
2<Q 


the  time 

g 

Meanwhile   the  velocity  has  increased  from   zero,  and 
attained  its  maximum  value 


at  the  same  instant. 


''-)>/f 
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The  particle  will  now  continue  to  move  uniformly  along 
the  table  with  this  velocity  until  it  arrives  at  the  same  dis- 
tance a  on  the  opposite  side  of  the  fixed  extremity  of  the 
string,  when  it  becomes  again  acted  on  by  the  retarding 
tension  of  the  string  ;  and  the  same  motion  will  be  repeated. 

148.  m^eight  l§uspended  by  an  Elastic  l§ltring. — 
We  shall  next  consider  the  vertical  oscillations  of  a  body,  of 
weight  W,  attached  to  the  end  of  an  elastic  string,  which 
hangs  freely  from  a  fixed  point.  Suppose  the  body  de- 
pressed below  the  position  of  equilibrium,  and  then  set  at 
liberty,  to  investigate  the  subsequent  motion. 

As  before,  let  h  be  the  extension  of  the  string  due  to  the 
weight  TF;  c  its  extension  at  the  commencement  of  the 
motion ;  x  its  extension  at  any  instant ;  T  the  corresponding 
tension  of  the  string  :  then,  by  Hooke's  law,  we  have 

T-W^,  (22) 

and  the  differential  equation  of  motion  is  obviously 

S  +  f(-*)  =  0.  (23) 

The  integral  of  this  is 

x  =  b  +  C  cos  Jjt+  C  sin  Jj  t. 

To  determine  the  constants,  we  have,  when 

-  dx      ^ 
t  =  Of  X  =  Ci  and  -77  =  ^  ; 
do 

therefore,  C  =  c  -  b,  and  C"  =  0. 

Consequently,     x  =  b  +  [c  -  b)  gos    hj- 1.  (24) 

There  are  two  cases  to  be  considered,  .according  as  c  is 
less  or  greater  than  2b. 

(1).  Let  c  <  2b.     In  this  case  the  extension  x,  and  con- 


158  Rectilinear  Motion. 

sequently  the  tension  T,  can  never  vanish  ;  and  the  body  will 
oscillate  up  and  down  through  the  distance  c  -  ft,  on  both 
sides  of  the  position  of  equilibrium ;  the  time  of  an  oscilla- 
tion being  represented  by 


Jf 


(2).  Next,  let  c  >  2b.     In  this  case  x  vanishes,  and  conse- 
quently T  also,  when 

h  +  {c-b)GoaJ^t  =  0. 
The  corresponding  velocity  is  easily  found  to  be 


J 


go  {c  -  2b) 


b 

As  the  tension  of  the  string  vanishes  at  this  instant,  the 
body  may  be  regarded  as  projected  upwards  with  the  fore- 
going velocity.  The  height,  h,  to  which  it  would  ascend  is 
given  by  the  equation 

A  =  ^(o-2J).  (25) 

The  body  will  afterwards  fall  to  the  origin,  and  the  subse- 
quent motion  will  be  as  before. 

149.  ^ITeight  Dropped  from  a  Heigbt. — Next  sup- 
pose the  weight  attached  to  the  string,  and  dropped  from  a 
height  h,  vertically  above  the  lower  extremity  of  the  string 
when  hanging  freely  and  unstretched.  The  solution  is  con- 
tained in  the  preceding  investigation  :  for  the  maximum  ex- 
tension c  of  the  string  is  given  by  (25),  and  is  represented  by 


c  =  b  +  yb{b  +  2h).  (26) 

In  practice  it  is  found  that  Hooke's  law  does  not  hold 
beyond  certain  limits  which  are  attained  long  before  the 
string  is  broken.  It  is  interesting  to  consider  whether  in 
any  particular  case  the  string  will  be  broken  or  not  by  the 
fall,  assuming  Hooke's  law  still  to  hold. 

A  given  string  is  capable  of  supporting  only  a  certain 
weight,  called  its  breaking  weight.     Denote  this  weight  by  B  ; 
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then  e,  the  corresponding  extension  of  the  string,  is  found, 

by  Hooke's  law,  from 

W 
B-^e,  (27) 

and  the  string  will  break  or  not  according  as  the  maximum 
'extension,  given  by  the  preceding  analysis,  is  greater  or  lesf. 
than  e ;  that  is,  according  as  i  +  y^6  (6  +  2h)  is  greater  or 
less  than  e. 

Again,  if  h  and  e  be  both  given,  the  least  height  of  fall,  ^, 
in  order  that  the  string  should  break,  is  got  by  substituting  e 
for  c  in  (25),  and  is 

n  =  '-^'  (28) 

Suppose  the  weight  W  to  be  the  n^^  part  of  B,  i.  e.  let 
e  =  nb,  and  we  have  h  =  e  (Jw  -  1). 

Thus,  for  instance,  a  weight  ^  of  the  breaking  weight, 
dropped  from  the  height  e,  should  suffice  to  break  the  string. 

The  preceding  analysis  applies  also  to  the  vertical  oscilla- 
tions of  rods  supporting  heavy  weights ;  and  many  interesting 
practical  questions  are  explained  thereby — for  instance,  the 
danger  to  the  stability  of  a  suspension  bridge  arising  from 
the  steady  march  of  troops  over  it. — See  Poncelet,  Mecanique 
Industrielle,  Arts.  332-345. 

Examples. 

1.  A  heavy  particle  attached  to  a  fixed  point  by  an  elastic  string  is  allowed 
to  fall  freely  from  this  point.  Show  that  the  elastic  force  at  the  lowest  point  is 
given  by  the  equation 

^.,^        toulfall 

extension  oi  string 
where  W  is  the  weight  of  the  particle. 

2.  A  heavy  particle  attached  to  a  fixed  point  by  an  elastic  string  hangs 
freely,  stretching  the  string  by  a  quantity  e.  It  is  drawn  down  by  an  addi- 
tional distance/;  determine  the  height  to  which  it  will  rise  if  f"^  —  e^  =  iae, 
a  being  the  unstretched  length  of  the  string.  Ans.  2a. 

3.  A  heavy  body  is  attached  to  a  fixed  point  by  an  elastic  string,  which 
passes  through  a  fixed  ring,  the  natural  length  of  the  string  being  equal  to  the 
distance  between  ihe  ring  and  the  fixed  point. 

(a)  If  the  body  receive  an  impulse,  it  will  describe  an  ellipse  round  the  place 
it  would  occupy  if  suspended  freely. 

(h)  When  does  this  ellipse  become  a  right  line  ? 
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4.  A  particle  is  attached  by  a  straight  elastic  string  to  a  centre  of  repulsive 
force,  the  intensity  of  which  varies  as  the  distance  ;  the  string  is  at  first  at  its 
natural  length.  Find  the  greatest  distance  from  the  centre  of  force  to  which 
the  particle  will  proceed,  and  the  time  the  string  takes  to  return  to  its  natural 
length. 

5.  Two  bodies,  TFand  W,  hang  at  rest,  being  attached  to  the  lower  end  of 
a  fine  elastic  string,  whose  upper  end  is  fixed :  supposing  one  of  them,  W" ,  to  drop 
ofi",  find  the  subsequent  motion  of  the  other. 

Let  a  be  the  natural  length  of  the  string ;  b  its  extension  of  length  for  the 
weight  W;  c  that  for  the  weight  W  \  then,  at  the  end  of  any  time  t,  from  the 
commencement  of  the  motion  x,  the  depth  of  W  below  the  fixed  point  is  given 


by  the  equation    x  =  a  +  b  +  c  cos  t  Aj- 


6.  Two  particles,  connected  by  a  fine  elastic  string,  are  moving  in  the  direc- 
tion of  the  line  joining  them  with  equal  velocities,  their  distance  being  the 
natural  length  of  the  string ;  if  the  hinder  particle  be  suddenly  stopped,  find 
how  far  the  other  will  move  before  it  begins  to  return. 

Section  II. — Central  Orbits, 

150.  Plane  of  Orbit. — If  we  suppose  a  particle  acted 
on  by  a  force  directed  to  a  fixed  centre  to  be  projected  in  any 
direction,  it  is  easily  seen  that  its  subsequent  path  will  lie  in 
the  plane  passing  through  the  centre  of  force  and  the  direc- 
tion of  its  projection.  For,  since  the  force  acts  towards  the 
fixed  centre,  it  has  no  tendency  to  withdraw  the  particle  from 
that  plane  at  the  first  instant,  nor  at  any  subsequent  instant 
during  the  motion  ;  because  the  motion  of  the  particle  at  each 
instant  is  got  by  compounding  its  previous  motion  with  that 
due  to  the  central  force.  ^ 

We  shall  accordingly  take  this  plane,  called  the  plane  of 
the  orbit,  as  the  plane  of  rectangular  coordinate  axes ;  the 
fixed  centre  of  force  being  the  origin  0. 

151.  differential  Equations  of  Motion. — Suppose 
the   force    attractive,  and   P  the    y 

position  of  the  attracted  particle 
at  the  end  of  any  time  t. 
Let 


ON=x,  PN=y,  OP=r,  z.XOP=e. 

Suppose   F  to    represent    the   o 
acceleration  due  to  the  attractive  force  ;  then,  by  Art.  68,  we 
have 
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d  X         ^        ^   ^^„i 
dt^  1 

dt^  r  J 

The  complete  determination  of  the  motion  for  any  law  of 
force  depends  on  the  solution  of  these  simultaneous  equations. 

In  the  case  of  a  repulsive  force  it  is  necessary  to  change 
the  sign  of  F. 

The  path  described  is  evidently  always  concave  to  the 
centre  of  force  for  attractive  forces,  and  convex  for  repulsive. 

152.  liaw  of  Direct  Distance. — There  is  one  case 
in  which  the  differential  equations  can  be  immediately  inte- 
grated, viz.,  when  the  force  varies  directly  as  the  distance 
from  the  fixed  centre. 

Let  F=  fxr',  then,  for  attractive  forces,  we  have 

d'x  . 

The  integrals  of  these  equations,  by  Art.  109,  may  be 
written 

x  =  A  cos  t  a/ju  +  ^  sin  ^  a/u  ] 

"      .    /-  •  (3) 

y  =  A^ cos  t ^ IJL  +  B' suit ^ fx  ) 

The  arbitrary  constants  in  this,  as  in  all  other  cases,  can 
be  found  from  knowing  the  position,  velocity,  and  direction 
of  motion  at  the  first  instant. 

153.  Equation  of  Orbit,  and  Periodic  Time. — If 

we  solve  the  preceding  equations  for  cos  t  ^/fi  and  sin  t  \/jUj 
and  add  the  squares  of  the  results,  we  get 

{Ay  -  A'xY  +  {By  -  B'xf  =  {AB^  -  BAJ        (4) 

This  equation  represents  an  ellipse,  whose  centre  is  at  the 
centre  of  force. 

M 
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Again,  if  2ir  +  t*/^  be  substituted  for  t^y^x  in  equa-' 
tions  (3),  the  values  of  x  and  y  remain  unaltered j  hence,  if 
{f  -  0\/iu  =  27r,  the  body  will  occupy  the  same  position  at  the 
end  of  the  time  t'  which  it  occupied  at  the  time  t.  Accord- 
ingly, if  T  be  the  time  of  a  complete  revolution  in  the  orbit, 
we  have  o 

T  =  -— . 

T  is  called  the  periodic  time,  and  is  the  same  for  all 
orbits  round  the  same  centre  of  force,  since  it  depends  only 
on  /u,  the  intensity  of  the  central  force,  i.e.  the  acceleration 
at  the  unit  o^distance,  and  not  on  the  initial  conditions  of 
the  motion. 

154.  Determination  of  the  Arbitrary  Constants.-^ 

Let  a,  b  be  the  coordinates  of  the  particle  at  the  instant 
from  which  the  time  is  reckoned,  V  the  initial  velocity,  and 
a  the  angle  which  the  initial  direction  of  motion  makes  with 
the  axis  of  x;  then,  making  ^  =  0  in  equations  (3),  we  get 
A  =  a,A'=b. 

Again,  by  differentiation,  we  have 

'j;  =  B  v/ju  cos  t  -v/ju  -  A  v/ju  sin  ^  y^/x , 

-j-  =  Bs/ II  cos  t  y IX  -  A!^ IX  sin  t  */ ^x^ 
(tt 

Hence  ^^  =   Fcosa  =  ^y^,     Fsina  =  ^yi^; 


Kcosa  ^  -^ 

consequently,    x  =  aQO^t  ^  fx  +      ~7=~  sin  t  ^fx    \ 

Vfx  I 


,_      Fsin  a  . 

p=b  cos  t y IX  +       ~r=~  sin  t  ^/ix 


(5) 


thus  the  position  of  the  particle  at  any  instant  is  determined. 
155.  Repulsive  Force. — Next,  if  the  force  be  repulsive 
the  equations  of  motion  are 

(Px  cPp 
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Hence,  as  before,  |  •  (6) 

y  =  A'e^''^  +  B'e~*'^'i^  ) 

If  we  solve  for  e^^**  and  e'^'^f^,  and  multiply  the  resulting 
values,  we  get  ^^ 

{A'x  -  Atj)  {By  -  Wx)  =  {AB  -  B^A)\  (7) 

This  represents  a  hyperbola,  having  the  lines 
A'x  -Ay  =  0,     By-  B'x  =  0 
for  its  asymptotes.     The  constants  A,  B,  A\  B'  can  be  easily 
determined,  as  in  the  former  case,  whenever  the  initial  posi- 
tion, velocity,  and  direction  of  motion  are  given. 

Conversely  to  the  preceding  Articles,  it  can  be  readily 
shown  that  if  a  particle  describe  a  conic  under  the  action  of 
a  force  directed  to  its  centre,  the  force  varies  directly  as  the 
distance  ;  and  is  attractive  for  an  ellipse,  and  repulsive  for  a 
hyperbola. 

156.  ISeveral  Centres  of  Force. — The  results  arrived 
at  above  hold  for  the  motion  of  a  body  acted  on  by  any 
number  of  centres  of  force,  each  varying  directly  as  the  dis- 
tance. For  it  is  readily  seen  that,  in  this  case,  the  forces  are 
equivalent  to  a  single  force,  directed  to  the  centre  of  mean 
position  of  the  different  centres  of  force,  whose  intensity  or 
absolute  force  is  equal  to  the  sum  of  the  intensities  of  the  diffe- 
rent centres  of  force  (see  Minchin's  Statics,  Art.  23). 

In  like  manner,  if  we  suppose  each  particle  of  a  body  to 
attract  according  to  the  law  of  direct  distance,  its  total  at- 
traction is  the  same  as  if  its  entire  mass  were  concentrated 
at  its  centre  of  inertia. 

Hence  it  follows  that  if  two  bodies  mutually  attract,  accord- 
ing to  this  law,  their  centres  of  inertia  will  describe  ellipses,  in 
the  same  periodic  time,  round  their  common  centre  of  inertia. 
This  result  holds  good  for  any  number  of  mutually  attract- 
ing bodies.  In  all  cases  the  path  described  by  the  centre  of 
inertia  of  a  body  is  called  the  orbit  of  the  body. 

Examples. 

1.  Prove  that  the  velocity  at  any  point  in  a  central  elliptic  orbit  varies  di- 
rectly as  the  diameter  drawn  parallel  to  the  tangent  at  the  point. 

M  2 


Hence, 
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2.  In  the  case  of  a  repulsive  force,  varying  as  the  distance,  find  the  arbi- 
trary constants,  the  initial  conditions  being  supposed  the  same  as  in  Art,  154. 

Making        f  =  0  in  equations  (6),  we  get  a  =  A  +  B,  b  =  A'  +  B'. 
Again,  by  differentiation,  on  making  t  =  0,  we  get 

F  cos  a  =  {A  -  JB)  ^/'il,     V  ain  a  =  {A' -  B')  V'il. 

^      1  /        Fco8o\       .„      1  /        Fcosa\ 

3.  Find  the  condition  that  the  orbit  in  the  preceding  should  be  an  equilateral 
hyperbola.  Ans.    V^  =  («^  +  b-)  /x. 

4.  A  body  is  acted  on  by  four  equal  masses,  attracting  directly  as  the 
distance  ;  find  its  orbit,  and  show  that  its  periodic  time  is  one-half  of  that  of  a 
body  acted  on  by  one  of  the  masses  alone. 

5.  A  body  is  attracted  to  one  fixed  centre,  and  repelled  by  another,  of  equal 
intensity,  each  varying  directly  as  the  distance.     Find  its  path. 

Ans.  A  parabola. 

6.  In  the  ellipse  described  freely  by  a  body,  under  the  action  of  a  central 
force  varying  directly  as  the  distance,  determine  the  relation  connecting  the 
eccentric  angle  of  position  with  the  time  of  passage  through  any  point  on  the 
curve. 

7.  A  number  of  bodies,  which  describe  ellipses  about  the  centre  of  force  as 
centre  in  the  same  periodic  time,  are  projected  from  a  given  point  with  a  given 
velocity  in  different  directions  in  a  plane.  Prove  that  their  paths  will  all  touch 
a  fixed  ellipse  with  the  given  point  as  focus.  Camb.  Math.  Trip.,  1875. 

8.  Being  given  the  centre  of  force,  a  point  in  the  orbit,  and  the  velocity  and 
direction  of  motion  at  that  point;  give  a  geometrical  construction  for  the  lengths 
and  positions  of  the  axes  major  and  minor  of  the  orbit. 

We  now  return  to  the  general  equations  of  motion  under 
7     Central  Forces. 

157.  Equable  Description  of  Areas. — In  equations  (1) 
if  the  first  be  multiplied  by  y,  and  the  second  by  x,  we  get  by 
subtraction 

cf^y        d'^x      „  d  (   dy        dx\      _ 

T-.  dy        dx     ^ 

Hence  ^_-y_  =  A, 

where  A  is  a  constant  independent  of  the  time. 
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Again  (Art.  105,  Biff.  Calc),  we  have 

dy        dx      ^  dO 
dt      ^  dt        dt' 

therefore  r'^—.=h.  (8) 

Hence,  if  A  denote  the  area  described  in  the  time  t  by  the 
radius  vector  r  drawn  to  the  particle,  we  have 

therefore  A  =  i{ht).  (9) 

No  constant  is  added  since  we  suppose  A  and  t  to  vanish 
together. 

If  we  suppose  ^  =  1,  we  infer  that  h  is  double  the  area 
described  by  the  radius  vector  in  the  unit  of  time. 

Conversely,  if  a  particle  move  in  a  plane,  and  describe 
equal  areas  in  equal  times  around  a  fixed  point  in  the  plane, 
then  the  entire  force  acting  on  it  at  each  instant  passes  through 
the  fixed  point  (compare  Art.  28). 

158.  Velocity  at  any  Point.-aAgain  (Art.  183,  Diff. 
Calc),  we  have 

ds_   ^dd 
^dt  "  "^  dt' 

where  ds  denotes  the  element  of  the  path  described  in  the 
time  dt,  and  p  is  the  length  of  the  perpendicular  from  the 
centre  of  force  on  the  tangent  at  the  point.     Hence 

ds      .     ,    ,ds 

where  v  denotes  the  velocity  at  the  instant ;  therefore 

-^-  (10) 

Accordingly  the  velocity  varies  inversely  as  the  perpen- 
dicular p. 
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The  constant  h  can  be  determined  from  (10)  whenever  the 
velocity  V,  the  distance  -R,  and  the  direction  of  motion  at  any 
point  of  the  path  of  the  particle,  are  known. 

For,  let  0  denote  the  angle  which  the  direction  of  motion, 
at  the  instant,  makes  with  the  radius  vector  R ;  then  the  per- 
pendicular on  the  tangent  =  R  sin  0,  and  hence 

h=  VRsin^.  (11) 

Equation  (10)  admits  of  another  form;  for,  squaring,  it 
becomes 


.2' 


therefore 


.==.M«=.(5;;i, 


where w  =-  {Diff.  Calc,  Art.  183). 


(12) 


159.  ]¥ewtoii's  Proof. — On  account  of  the  importance 
of  the  preceding  results  we  shall  give  the  method  by  which 
the  equable  description  of  areas  was  originally  established  by 
Newton. 

Let  the  whole  time  be  divided  into  a  number  of  equal  in- 
tervals. Then,  supposing 
no  force  to  act  on  the  body 
during  the  first  interval, 
it  would  describe  a  right 
line  AB,  uniformly,  in 
that  interval.  Likewise 
during  the  next  interval, 
if  no  force  act  on  it,  it 
would  describe  the  right 
line  Be,  in  the  direction  of, 
and  equal  to,  AB.  But  when  the  body  arrives  at  B,  suppose 
a  force  directed  to  S  to  act  on  it,  with  a  single  sudden  and 
great  impulse,  so  as  to  cause  the  body  to  deviate  from  the  right 
line  Be,  and  to  proceed  along  the  line  BC.  To  find  the 
position  of  the  body  at  the  end  of  the  second  interval,  we 
draw  from  c  the  line  eC  parallel  to  B8  (the  direction  of  the 
force),  and  meeting  BCin  (7;  then  the  body  will  be  found  at 
C  at  the  end  of  this  interval.     Join  SC  and  Sc ;  then,  since 
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SB  and  Cc  are  parallel,  the  triangle  SBC  is  equal  to  SBc,  and 
therefore  equal  to  the  triangle  JSAB,  In  like  manner  I>,E,  &c. 
the  positions  at  the  end  of  the  next  intervals,  can  be  deter- 
mined. Also  it  is  obvious  that  the  right  lines  AB,  BC,  CD,  &c., 
all  lie  in  the  same  plane,  and  the  triangles  SCD,  SDE,  &c., 
■will  be  each  equal  to  SAB. 

Therefore  equal  areas  round  S  are  described  in  equal 
intervals  of  time ;  and,  componendOy  the  sum  of  the  areas 
described  are  proportional  to  the  time  of  their  description. 

If  now  we  suppose  the  number  of  intervals  of  time  in- 
creased, and  their  length  diminished  indefinitely,  the  path 
described  becomes  a  curved  line ;  the  centripetal  force  by 
which  the  body  is  perpetually  deflected  from  the  tangent 
to  the  curve  will  act  continuously ;  and  the  areas  described 
round  S,  being  always  proportional  to  the  time  of  their  de- 
scription, will  be  so  in  this  case  also. 

The  other  results  of  the  preceding  Article  follow  likewise 
(Newton,  Lib.  I.,  Sec.  ii.,  Prop,  i.,  Frincipia). 

160.  ITelocity  at  any  Distance. — In  equations  (1) 
if  we  multiply  the  first  by  2clx,  and  the  second  by  2dy, 
and  add,  we  get 

df  dt^  r 

Integrating,  we  get 

§)\(|J  =  -2,»,  «.„.., 

or  «;2  =  -  2lFdr  +  const.  (13) 

By  aid  of  this  equation,  when  the  law  of  force  is  given, 
the  velocity  at  any  point  in  the  orbit  can  be  determined. 

Thus,  let  the  acceleration  £be  any  function  of  the  dis- 
tance represented  by  /x^'(r),  then 

«?^  =  -  2jjL\(^\r)  dr  +  const.  =  -  2fx^{r)  +  const. 

Again,  let  V  be  the  velocity  at  the  distance  E,  and  we 
get 

F'  =  -  2fji(i>[E)  +  const. ; 

therefore  v'^  -  V  =    2fx {0(22)  -  (f>{r) } .  (14) 
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For  instance,  for  the  law  of  nature,  we  have 


^"  =  2,(14).  (15) 


Again,  if /=  — ,  we  have 

n  -  1  V/-""' 

1   ^ 

Hence  we  see  that  the  velocity  at  any  distance  from  the 
centre  of  force  is  independent  of  the  path  described,  and  is 
the  same  as  if  the  body  had  been  projected,  with  the  initial 
velocity,  directly  towards  the  centre  of  force  (compare  Art. 
131). 


(16) 


If  F  =  0,  when  It  =  co  ,  i.e.  if  t/ie  velocity  at  any  point  in 
the  path  is  that  which  the  body  would  acquire  in  moving  from 
rest  from  an  infinitely  great  distance  towards  the  centre  of 
force,  we  have 

,.  =  J^4..  (17) 

n-1  r"-^ 

For  instance,  if  the  force  vary  as  the  inverse  square  of  the 
distance,  we  have  in  this  case 

v'  =  ?^.  (18) 

Again,  if  the  force  be  repulsive,  and  vary  directly  as  the 
?^'^*  power  of  the  distance,  we  have  F=  -  fxr^,  and  (14)  be- 
comes 

^2  _Yz^  _^  (r^^^-Rn.xy  (19) 

n+V  ' 

If  F=  0  when  i2  =  0,  i.e.  if  the  velocity  at  any  point  he  the 
same  as  that  acquired  in  moving  from  the  centre  offorce^ 

-2        2;i    ^„^^^  ^20) 


w  +  1 


/^2   ^l^ 
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p^  dr 

'7   161.  I^aw  of  Inverse  Square. — If  F=  ^,  equations  (1) 

become 

--?>    ^--mJ.  (21) 

1  fi 

Also  from  (8),  we  have,  "[i  =  1 5 

hence,  equations  (21)  become 

^--^-^  =  -^cos0^. 
hr  h 

h  r  h 


>t 


Integrating,  we  get. 


^  sin  0  +  a 
n 


y  =     ^cosO  +  B 
h 


(22) 


in  which  a  and  j3  are  constants,  whose  values  can  be  found  by 
the  aid  of  the  initial  circumstances  of  the  motion. 

Again,  substituting  these  values  of  a;  and  y  in  the  equa- 
tion xy  -  yx  =  h,  we  get 

^r  +/3^-ay-/i=0.  (23) 

From  this  it  follows  that  the  orbit  is  a  conic  section  having 

the  centre  of  force  at  its  focus. 

Further  discussion  of  this  law  of  force  is  postponed  to 

Art.  166,  in  which  will  be  given  another  demonstration  that 

the  orbit  is  a  focal  conic. 

h^  dv 
162.  To  prove  the  Relation  F=—-f. 

p^  dr 

Equation  (13)  gives,  by  differentiation, 

F.-i''Jp=-U^^(K)--S-  (24) 

dr  dr\p^J      p^  dr 
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This  result  admits  of  a  useful  transformation ;  for,  if  y 

denote  the  semichord  of  curvature  drawn  through  the  centre 

of  force,  we  have 

dr 
7  =  p  -  .       [Diff.  Calc,  Art.  235.) 

Hence  the  previous  equation  becomes 

i^=-.  (25) 

7 

This  result  can  also  be  readily  deduced  from  the  conside- 

ration  that  the  centrifugal  acceleration,  — ,  at  any  point  in  the 

orbit,  must  be  equal  and  opposite  to  the  component  of  the  cen- 
tral acceleration  taken  in  the  normal  direction  (Arts.  25,  90). 


Examples. 

1.  Prove  that  the  velocity  at  any  point  in  a  central  orbit  is  the  same  as  that 
acquired  in  moving  from  rest  along  one-fourth  the  chord  of  curvature  at  the 
point,  under  the  action  of  a  constant  force,  equal  in  intensity  to  that  of  the 
central  force  at  the  point. 

2.  A  particle  describes  a  circle  freely  under  the  action  of  a  force  whose 
direction  is  constant;  determine  the  law  of  force. 

Taking  the  centre  of  the  circle  as  origin  of  rectangular  axes,  the  axis  of  y 
being  parallel  to  the  constant  direction  of  the  force,  we  have 

d'^H  dH 

dx  dx        dy 

dy  X 

hence,  -—  =  -  o  - ; 

dt  y 

hence,  Y  -  ^^^  -  ^^^   \x  ^^      y  ^^  j  -       ^^ 

3.  Apply  equation  (24)  to  find  the  law  of  force  directed  to  a  focus  in  an 
ellipse. 

In  this  case  we  have 
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1   dp       a    1        ,  „       ah^ 

4.  Find  the  law  of  force  in  the  curve 

r»»  =  fl»»  cos  mo). 
Here  we  have  {Dif.  Calc,  Art.  190)  r^^^  =  a>^p. 
{in  +  1)  A2  a2m 


Hence,  JP  = 


y2m+3 


5.  Prove  that  the  force  under  whose  action  a  body  P  revolves  in  any  orbit, 
about  a  centre  of  force  S,  is  to  the  force  under  whose  action  the  same  body  P 
can  revolve  in  the  same  orbit,  in  the  same  time,  round  another  centre  of  force  R, 
as  SP.  PP^  :  SG^,  where  SG  is  the  straight  line  drawn  from  S  parallel  to  PP, 
meeting  in  (r  the  tangent  at  P  to  the  orbit.  Principia,  Sect,  ii.,  Prop,  vii.,  Cor.  3. 


/ 


d^u  F 

163.  To  prove  the  Equation  — ^  +  u 


dd^  Jfu"' 

In  the  equation 

ar 


if  we  regard  r  as  a  function  of  0,  we  have 

d{^ 

-  2F=   ^^    =  -  ill  ^(^'). 
dr  dii    dd 


dO  dd 

Moreover,  from  (12),  we  have 

Substituting  in  the  preceding,  we  get 

dhi  F  f^^. 

This  important  result  can  also  be  proved  as  follows  :- 
Substituting  -  i^for  P,  in  equation  (11),  Art.  28,  we  gQi 
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d'r        fdO 

df         \dt 


)■■ 


but  »•(JJ=A»«^  by  (8); 

,  dr     dr  dO      J  ^dr         ,  du 

^^''  di^Tedt=^''Td  =  -^de'^ 

•'•  dt'"~^dt\de)~   ^dtdd'"  ^""dd^' 

consequently  F=  h'^u'^l-z^^  +  u\ 

The  discussion  of  central  orbits  comprises  two  distinct 
classes  of  questions.  In  the  one  it  is  required  to  find  the 
equation  of  the  orbit  when  the  law  of  force  is  known ;  in  the 
other  the  orbit  described  is  given,  and  the  law  of  force, 
directed  to  a  fixed  point,  is  required. 

In  the  latter  case,  if  the  origin  be  taken  at  the  fixed 

centre  of  force,  the  equation  of  the  orbit  can,  in  general,  be 

d^u 
expressed  in  terms  of  u  and  0,  from  which  the  value  of  -^ 

can  be  determined.    If  this  be  substituted  in  the  equation 


A^«'(g  +  «), 


the  resulting  value  of  F  determines  the  required  law  of 
force. 

164.  Application  to  Ellipse. — For  example,  to  find 
the  law  of  force  which  will  cause  a  particle  to  describe  an 
ellipse  round  a  centre  of  force  situated  in  one  of  its  foci. 

Here  the  equation  of  the  orbit  is 

1  +  e  cosO 

«  =  — g — , 

where  L  is  the  semi  latus-rectum. 


Hence 

therefore 

and  consequently 


Law  of  Inverse  Square.  173 

dhi        e  oosO  ^ 

d'u  _1 
""^W  L' 


L        a{l  -  r)  r^  ^ 

Accordingly  tlie  force  varies  inversely  as  the  square  of  the 
distance  from  the  centre  of  force. 


EXAMTLES. 
Find  the  law  of  force,  directed  to  the  origin,  in  the  following  curves  :- 
1.     r  =  ae'^.  2.    w  =  ac*^  +  i^-*^  3.     r  =  ae''^  +  be-'^. 


Ans.     1.  and  2.     , 
1^ 


165.  Case   where  the   I^aw  of  Force  is   given. — 

When  the  law  of  force  is  given,  the  determini^tion  of  the" 
orbit  depends  on  the  solution  of  a  differential  equation ;  for, 
if  F=fjL^{u),  equation  (26)  becomes 

This  equation  admits  of  being  completely  integrated  for  a  few- 
laws  of  force  only.  We  shall  commence  with  the  most  im- 
portant case,  namely,  the  law  of  nature,  for  which  the  attrac- 
tion varies  as  the  inverse  square  of  the  distance. 

166.  Liaw  of  Inverse  Square. — Let  F  =  —  =  fiu^,  then 
the  equation  becomes 
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The  integral  of  this,  by  Art.  109,  is 

«  =  ^  +  ^  cos  (61  -  a).  (29) 

This  is  the  equation  of  a  focal  conic  (see  Art.  161). 

The  orbit  is  an  ellipse,  parabola,  or  hyperbola,  according 
to  the  values  of  the  constants  A  and  a.  These  constants  are, 
as  in  all  other  cases,  determined  from  the  initial  circumstances 
of  the  motion. 

We  commence  with  the  case  in  which  the  orbit  is  an 
ellipse. 

The  equation  of  an  ellipse  referred  to  a  focus  as  origin, 
and  to  any  line  drawn  through  it  as  prime  vector,  may  be 
written 

1      l+ecosf0-a) 


r  a[\-  e') 

Comparing  with  (29)  we  get 


h'      a{l-e')      b'' 
or  h'  =  n-  =  fiL.  (30) 

Hence,  in  different  orbits  round  the  same  centre  of  force,  h 
varies  as  the  square  root  of  the  latus  rectum. 

Again,  let  T  denote  the  periodic  time,  i.e.  the  time  in 
which  the  body  makes  a  complete  revolution  in  the  orbit ; 
then  since  h  represents  double  the  area  described  in  the 
unit  of  time,  we  have 

double  area  of  ellipse      27rab 
A= y =  -^. 

Hence,  from  (30), 
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If  a  second  particle  be  supposed  to  describe  an  ellipse 
round  the  centre  of  force,  and  if  the  absolute  force  fi  be  the 
same  in  both  cases,  we  have 

where  a,  T'  are  the  semi-axis  and  the  periodic  time  in  its  orbit. 
Hence,  eliminating  /i,  we  get 

'''  ^^^'  (32) 


rj    \a 

That  is,  the  squares  of  the  periodic  times  are  to  one  another  in 
the  same  ratio  as  the  cubes  of  the  semi-axes  major. 

167.  The  preceding  results  have  been  deduced  for  the 
motion  of  a  material  particle,  but  they  also  hold  good, 
approximately,  for  the  motion  of  the  centre  of  inertia  of  a 
body  of  finite  dimensions,  each  of  whose  elements  is  attracted 
towards  a  fixed  centre,  provided  the  dimensions  of  the  body 
are  small  in  comparison  with  its  distance  from  the  centre 
of  force.  For  in  this  case  the  attractions  on  the  several 
elementary  particles  of  the  body  may  be,  approximately,  re- 
garded as  a  system  of  equal  and  parallel  accelerations ;  and, 
consequently,  the  motion  of  the  body  will  (Art.  84)  be  the 
same  as  if  it  were  concentrated  at  its  centre  of  inertia.  Also, 
as  already  shown  in  Art.  126,  if  a  sphere  consist  of  homo- 
geneous spherical  strata,  its  entire  attraction  is  the  same  as  if 
its  entire  mass  were  concentrated  at  its  centre.  Accordingly, 
if  one  such  sphere  be  attracted  by  another  supposed  at  rest, 
its  centre  will  describe  an  ellipse,  having  the  centre  of  the 
attracted  sphere  for  a  focus. 

168.  Kepler's  L<aws. — By  comparing  the  results  of  a 
large  series  of  observations  of  the  planets,  chiefly  of  Mars, 
made  by  Tycho  Brahe,  Kepler  arrived  at  the  following  laws 
concerning  the  planetary  orbits : — 

(1)  That  the  right  line  drawn  from  the  Sun  to  any  planet 
describes  equal  areas  in  equal  times. 
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(2)  That  the  orbits  are  ellipses,  having  the  Sun  in  a  focus. 

(3)  That  the  squares  of  the  periodic  times  for  any  two 
planets  are  to  each  other  in  the  same  proportion  as  the  cubes 
of  their  mean  distances  from  the  Sun. 

From  the  first  of  these  laws  Newton  deduced  (Art.  157) 
that  each  of  the  planets  is  kept  in  its  orbit  by  the  action  of  a 
central  force  directed  to  the  Sun. 

From  the  second  he  proved  that  the  attractive  force  for 
each  planet,  in  its  different  positions,  varies  as  the  inverse 
square  of  the  distance  from  the  Sun  (Art.  164). 

From  the  third  law  he  deduced  that  the  absolute  force 
[jj)  is  the  same  for  all  the  planets  (Art.  166) ;  and  hence  that 
it  is  one  and  the  same  force,  directed  to  the  Sun,  by  which 
all  the  planets  are  retained  in  their  orbits.  These  laws  are 
only  approximate  when  we  take  account  of  the  mutual  actions 
of  the  planets  on  each  other  and  on  the  Sun. 

For  Newton's  demonstrations  the  student  is  referred  to 
the  Principia,  Lib.  I.,  Sect,  iii..  Prop.  xi. 

From  the  foregoing  we  infer  that  the  results  arrived  at 
for  the  motion  of  a  particle,  for  the  law  of  inverse  square  of 
the  distance,  are  applicable,  approximately,  to  the  planetary 
motions.  It  has  also  been  verified  by  observation  that  a  satel- 
lite belonging  to  any  planet  revolves  round  it  according  to 
the  same  laws  that  the  planets  revolve  round  the  Sun. 

169.  liaw  of  Crravitation. — We  have  in  the  last  Ar- 
ticle given  a  brief  outline  of  the  process  by  which  Newton 
established  the  great  fundamental  law  of  attraction  of  matter, 
which  we  refer  to  as  the  law  of  nature,  and  which  may  be 
stated  as  follows  : — Every  particle  of  matter  in  the  solar  systeniy 
consisting  of  the  Sun,  the  planets,  comets,  S^c,  exercises  on  every 
other  particle  an  attractive  force,  which  varies  directly  as  the 
pi^oduct  of  the  masses  of  the  particles,  and  inversely  as  the  square 
of  their  mutual  distance. 

We  assume  that  this  is  a  general  property  of  matter,  and 
applies  to  all  matter  wherever  existing  in  the  universe.  This 
assumption  has  been  verified  by  observations  on  the  motion  of 
the  double  stars. 
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170.  Expression  for  Telocity  at  any  Point  in   a 
Focal  Orbit. — We  commence  with  an  elliptic  orbit. 
In  this  case  we  have 

.=  =  ^  =  ^^,   by  (30), 
p^      ajr 

where        p  =  SNy 

the  centre  of  force  being  8. 

Again,  let  H  be  the  second 
focus  of  the  orbit,  SN,  HN'  per- 
pendiculars on  tlie  tangent  at  P,  the  position  of  the  particle. 

Suppose  HN'  =  y,   HP  =  r')  then,   from  well-known 
elementary  properties  of  the  ellipse,  we  have 

r  +  r'=2a,    pp' =  b\    ^  = -. 
p      r 


(33) 


Hence 

a  p^      a p      a  r       a\     r     ^ 

therefore 

v'Jj!^-^. 

r       a 

In  the  parabola  a  becomes  infinite,  and  we  have 

2^ 


.2    _ 


(34) 


a  result  which  can  be  readily  established  independently. 

In  the  case  of  a  hyperbolic  path  we  have  /  =  2a  +  r,  and 
the  formula  becomes 


2fX         IX 

r       a 


(35) 


Hence  we  infer  that  if  a  body  be  projected  with  a  velocity  F, 
at  a  distance  M  from  the  centre  of  force,  the  orbit  described 
will  be   an   ellipse,   parabola,    or   hyperbola,   according   as 

2fj, 


FMs  <  =  or  > 


It 


This  result  may  be  exhibited  in  another  form  by  aid  of 
equation  (18),  as  follows  : — 

The  velocity  at  any  point  in  an  ellipse  is  less,  in  a  para- 

N 
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bola  equal  to,  and  in  a  hyperbola  greater  than,  the  velocity 
which  the  body  would  acquire  in  moving  to  the  point  from 
an  infinitely  great  distance,  under  the  action  of  the  central 
force. 

171.  Construction  of  Orbit. — The  preceding  equation 
shows  how  to  construct  the  orbit 
when  we  are  given  the  absolute 
force,  the  initial  velocity,  position, 
and  direction  of  motion.  For, 
suppose  P  the  initial  position,  PT 
the  direction  of  motion,  and  S  the 
centre  of  force ;  let  F'=  velocity  of 
projection,  SP  =  R  ;  then — 

(1)  if   y"<-iT  the  orbit  is  an  ellipse  whose  semi-axis  a 

is  given  by  the  equation 


a  B,  fjL 
Again,  draw  PH,  making  the  angle  TPH^  lSPT, 
then  the  second  focus  H  lies  on  this  line,  and  its  position  H 
is  found  by  taking  PH  =  2a  -  R.  Consequently,  as  the  two 
foci  and  the  axis  major  are  known,  the  ellipse  is  completely 
determined. 


(2)  When  ^ 


F^  the  orbit  is  a  parabola,  which  can  be 


easily  determined  by  drawing  8N  perpendicular  to  the  direc- 
tion  of   motion   at  P,  inflecting 
:ST=  SPf  and  dropping  JVA  per- 
pendicular to  ST. 

The  parabola  described  with  S 
for  focus,  and  A  for  vertex,  will 
be  the  required  orbit. 

(3)  When  V'  ^^ 

a  hyperbola,  whose  semi-axis  a  is  given  by  the  equation 


>  -I-  the  orbit  is 


11 


_2_ 
R 
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The  second  focus,  iZ",  can  be  easily  constructed,  as  in  the 
first  case,  but  lies  on  the  opposite  side  of  the  direction  of 
motion  from  the  centre  of  force  S. 

Again,  as  the  value  of  the  semi-axis  a  is  independent  of 
the  direction  of  projection,  we  infer  that  if  a  number  of 
bodies  be  projected  from  a  point  with  the  same  velocity,  in 
different  directions,  and  be  attracted  by  a  common  centre  of 
force,  the  mean  distances,  and  consequently  the  periodic 
times,  will  be  the  same  for  all  the  orbits. 

It  may  be  remarked  that  the  orbit  will  be  a  circle,  pro- 
vided the  angle  SPTis  right,  and  F^  =  -^  (compare  Art.  91). 

The  formulae  in  this  and  the  preceding  Article  are  of 
importance  in  the  discussion  of  focal  orbits.  We  add  a  few 
elementary  applications. 

Examples. 

1.  Calculate,  approximately,  the  periodic  time  of  a  planet  if  its  mean  dis- 
tance from  the  Sun  is  double  that  of  the  Earth.  Ans.  1033  days. 

2.  If  a  body  be  projected  with  a  given  velocity  about  a  centre  of  force 
which  varies  as  the  inverse  square  of  distance,  find  the  locus  of  the  centre  of 
the  orbit  described. 

Here,  since  the  locus  of  the  empty  focus  is  a  circle,  the  locus  of  the  centre 
is  also  a  circle. 

3.  In  the  same  case,  show  that  the  length  of  the  axis-minor  varies  directly 
as  the  perpendicular  drawn  from  the  centre  of  force  to  the  direction  of  pro- 
jection. 

Since  r  and  r'  are  each  constant,  p  is  to  p'  in  a  constant  ratio  ;  consquently 
b  varies  as  p. 

4.  Show  that  there  are  two  directions  in  which  a  body  may  be  projected 
from  a  given  point  A,  with  a  given  velocity  V,  so  as  to  pass  through  another 
given  point  B. 

Since  the  axis-major  2a  is  given,  the  position  of  the  second  focus  is  deter- 
,  mined  by  the  intersection  of  two  circles,  with  A  and  B  for  centres.  Hence  there 
are  two  solutions — one  for  each  point  of  intersection  of  the  circles. 

5.  Prove  that  the  time  of  describing  an  arc  of  a  parabolic  orbit,  bounded  by 
a  focal  chord  of  length  c,  varies  as  c^. 

172.  £ffect  of  a  Hiudden  Change  in  Absolute 
Force. — A  body  is  revolving  in  a  focal  orbit ;  if  when  it 
arrives  at  any  position  the  absolute  force  ju  be  suddenly 
altered,  to  determine  the  subsequent  path. 

N2 


J 
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Let  R  and  V  represent  the  distance  and  velocity  at  the 
instant  in  question,  and  let  jjl  be  the  new  value  of  the 
absolute  force,  and  a  the  semi-axis  major  of  the  new  orbit ; 
then,  as  the  velocity  receives  no  sudden  or  instantaneous 
change,  we  have,  by  (33), 

The  value  of  a\  and  consequently  the  position  of  the  new 
orbit,  can  be  immediately  determined  from  this  equation. 

For  example,  suppose  the  original  orbit  a  parabola,  and 
the  central  force  suddenly  doubled  in  intensity. 

Here  /-«.'  =  2/a,  and  our  equation  becomes 

2)u     4^  _2fi 
R"  R       a'' 

hence  d  =  R\  and,  consequently,  the  new  orbit  is  an  ellipse 
having  the  extremity  of  its  axis  major  at  the  point. 

If  the  change  in  /x  be  very  small,  and  represented  by  A/x, 
and  the  corresponding  change  in  a  by  zla,  it  is  plain  that  we 
have 

Hence,  if  the  central  force  (or  the  attracting  mass)  be  in- 
creased slightly,  the  axis  major  will  be  diminished ;  also,  if 
the  force  be  diminished  the  axis  major  is  increased. 

The  corresponding  change  in  the  periodic  time  is  readily 
found;  for,  by  (31),  we  have 

2  log  r  +  log  /i  =  2  log  27r  +  3  log  a ; 

2Ar     Z^a      C^yi 

hence  -7=7-  =  — ; 

X  a         ^ 


therefore 


l?-1f(l-0- 


Again,  if  the  centre  of  force  be  supposed  suddenly  trans- 
ferred to  a  new  position,  the  subsequent  path  can  be  readily 
constructed,  as  in  Art.  171. 
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Examples. 

1-  A  number  of  bodies  are  projected  from  a  point  with  the  same  velocity,  but 
in  different  directions ;  prove  that  the  centres  of  their  orbits  are  situated  on  the 
surface  of  a  sphere. 

2.  A  body  is  describing  a  circle  under  a  central  force  in  its  centre ;  if  the 
force  be  suddenly  reduced  to  one -half,  find  the  subsequent  path  of  the  body.      ^ 

Ans.  a  parabola. 

3.  In  the  same  case,  if  the  central  force  be  suddenly  increased  in  the  ratio  of 
m :  1,  find  the  eccentricity  of  the  subsequent  path.  m  —  \ 

m 

4.  Two  equal  perfectly  elastic  particles  describe  the  same  ellipse  in  the  same 
period,  in  opposite  directions,  one  about  each  focus  ;  prove  that  the  major  axis 
of  the  orbit  is  a  harmonic  mean  between  those  of  the  orbits  they  will  describe 
after  impact. 

This  result  follows  immediately,  since  the  vis  viva  is  the  same  after  collision 
as  before  {see  Art.  81). 

5.  Prove  that  there  are  two  initial  directions  for  the  projection  of  a  particle 
with  a  given  velocity,  so  that  the  axis  major  of  its  orbit  may  coincide  in  direc- 
tion with  a  given  line. 

6.  If,  when  the  Earth  is  at  an  end  of  the  minor  axis  of  its  elliptic  orbit,  a 
meteor  were  to  fall  into  the  Sun,  whose  mass  is  the  m^^  part  of  that  of  the  Sun  ; 
find  the  resulting  change  in  the  Earth's  mean  distance,  and  also  in  the  length  of 
the  year.  ^  a  2T 

Ans.  Aa  = ,     A^  = . 

m  m 

173.  Application   of  Hethod  of  llodograph.— The 

method  of  the  hodrograph  (Art. 
26)  furnishes  a  simple  mode  of 
determining  the  law  of  force 
in  a  focal  ellipse.  For,  since 
the  velocity  at  any  point  P 
varies  inversely  as  the  perpen- 
dicular SLf  it  varies  directly^' 
as  the  perpendicular  JTiVdrawn 
from  the  second  focus ;  since  SL  x  HJY  =  b^. 

Consequently  the  hodograph  is  similar  to  the  locus  of  iV", 
when  turned  through  a  right  angle.  But  the  semicircle  de- 
scribed on  the  axis  major  as  diameter  passes  through  JV,  con- 
sequently the  hodograph  is  a  circle. 

Again,  to  find  the  law  of  force,  let  Pi  denote  the  position 
of  the  movable  at  the  end  of  an  indefinitely  small  time  A^, 
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and  iVi  the   correspondiug  position    of  N ;  then  (Art.  26) 
— — ^  is  proportional  to  the  central  attractive  force. 

Join  the  centre  (7  to  iV  and  to  Ni ;  then,  by  an  elementary 
property  of  the  ellipse,  CN  is  parallel  to  SP,  and  CNi  to 
SP,. 

Let     SP  =  r,     LCSP=e,     SL=p,     HN  =  p  ] 

then  L  NCN,  =  L  PSP,  =  A0. 

Also  (by  8),         -^  =  ^ 

Hence  the  force  varies  inversely  as  the  square  of  the  dis- 
tance. 

Affain,  since  v  =  -  =  —  p\  we  have 
°  p      b^ 

~  b'   At    "   b'  '  r' ' 

Consequently,  if  ju  represent  the  absolute  force,  ^.  e.  the 
force  at  unit  of  distance,  we  get 

h'a 

as  in  (30). 

Again,  since  the  velocity  at  P  is  proportional  and  per- 
pendicular to  HN)  and  (7iV,  CH  are  constants,  it  follows 
that  the  velocity  at  P  can  be  resolved  into  two  constant  'velo- 
cities— one  perpendicular  to  the  radius  vector,  the  other  to  the  axis 
major.  7 

Also,  since  the  velocity  at  P  is  represented  by  —  HN,  the 

component  velocity  perpendicular  to  SP  is  represented  by 
77,  and  that  perpendicular  to  the  axis  major  by  —  :  i.  e.  by 

J  and  ^  e,  or  by    l—  ^^^    l~  e,  respectively. 

That  the  hodograph  is  a  circle  in  this  case  appears  also  at 
once  from  (22).      For  if  x,  1/  be  the   coordinates  of  the 
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point  in  the  hodograph  which  corresponds  to  the  point  ccy  in 
the  orbit,  we  have 

hence,  substituting  in  (22),  and  eliminating  0,  we  get  for  the 
equation  of  the  hodograph 

which  is  the  equation  of  a  circle. 

We  may  here  observe  that  in  any  case  of  the  motion  of  a 
particle,  if  we  can  find  an  equation  connecting  the  velocities 
x^  ^,  %  of  the  motion,  with  constants,  that  equation  may  be 
regarded  as  that  of  the  hodograph,  in  which  x^  y,  z  are  the 
current  coordinates.     (See  Art.  26.) 

Example. 
A  particle  moving  in  an  ellipse  under  the  action  of  a  force  directed  to  a  focus 
has  a  small  velocity  n  j  impressed  on  it  in  the  direction  of  the  focus ;  find  the 
corresponding  changes  in  the  eccentricity,  and  in  the  position  of  the  apse. 

174.  liambert's  Theorem. — In  Art.  140,  Int.  Calc,  it 
has  been  shown  that  the  area  ^^  ,^ 

of  the  elliptic  sector  PSQ  is         /"'^      /^ 
represented  by 


iab{<p-^'-  (sin  0  -  sin  0')K     ^        ^ 
where  ^  and  (p^  are  given  by  the  equations 

smj0  =  J( j,   sinj^'  =  if j; 

in  which  8P  =  n,  SQ  =  7\,  and  PQ  =  c. 

Accordingly,  if  t  represent  the  time  of  describing  the  arc 
PQ,  we  have 

^     2areaP/SfQ      /a^\i  ,     ,.  .      ,,,        ,„. 

t= =  (^-j  (0-0'-(sm0-sm^'))-      (39) 

This  shows  that  the  time  of  moving  from  any  point  P  to 
any  point  Q  can  be  expressed  in  terms  of  the  sides  of  the  tri- 
angle SPQ  and  of  the  axis  major  of  the  orbit. 
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Again,  if  we  regard  a  as  becoming  infinitely  great  in  (39), 
we  get  for  t,  the  time  of  moving  from  P  to  Q  in  a  parabolic 
orbit, 

1  4  3 

t  =  — -=  { (n  +  ^2  +  cf-  (ri  +  ^2  -  c)^  I .  (40) 

For  in  this  case  we  may  substitute  -  f ^ J     for 

,  l/n  +  ^2  -  c\i  n      ,,      .      , 
0  -  sm  0,  and  ^  ( ■ j   for  0  -  sm  0  . 

Examples. 

1 .  A  comet,  describing  a  parabolic  orbit,  being  supposed  to  cross  the  path  of 
the  Earth  ;  determine  the  points  of  ingress  and  egress  for  which  the  time  the 
comet  continues  within  the  Earth's  orbit  is  a  maximum. 

Ans.  The  extremities  of  the  axis  major. 

2.  Find  an  expression  for  the  time  in  the  preceding  question. 

Ans.   — ,  where  E  represents  the  length  of  the  year. 

OTT 

3.  Two  planets,  describing  elliptic  orbits  in  a  common  period  round  the  Sun, 
being  supposed  to  pass  in  every  revolution  through  two  common  points  :  prove 
that  the  intervals  between  the  times  of  their  passage  through  the  points  are 
equal. 

175.  modification  ^vhen  Mutual  Attraction  is 
taken  account  of. — The  preceding  investigations  are  based 
on  the  assumption  that  the  centre  of  force  is  fixed ;  accord- 
ingly they  can  be  applied  to  the  planetary  motions  only  on 
that  hypothesis.  However,  from  the  principle  of  the  equality 
of  action  and  reaction,  each  of  the  planets  exerts  on  the  Sun 
an  equal  and  opposite  attractive  force  to  that  which  the  Sun 
exerts  on  it.  We  proceed  to  consider  how  far  our  results 
must  be  modified  when  this  is  taken  into  account. 

We  have  seen,  in  Art.  13,  that  the  relative  motion  of  two 
bodies  is  unaltered  if  equal  and  parallel  velocities  be  given  to 
both.  We  accordingly  suppose  an  acceleration  applied  at 
each  instant  to  the  Sun,  equal  and  opposite  to  that  which  the 
planet  exerts  on  it ;  and  an  equal  and  parallel  acceleration 
applied  to  the  planet.  This  assumption  will  not  alter  their 
relative  positions,  while  it  reduces  the  position  of  the  Sun  to 
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one  of  relative  rest.     Consequently  the  relative  motion  of  the 

planet  takes  place  in  the  same  manner  as  if  the  Sun  were  a 

fixed  centre  of  force,   and  the  planet  at  each  instant  were 

acted  on  by  the  sum  of  the  accelerations  that  the  Sun  exerts 

on  it,  and  that  it  exerts  on  the  Sun ;  since  these  accelerations 

take  place  in  opposite  directions  along  the  same  right  line. 

Again,  let  S  and  P  denote  the  masses  of  the  Sun  and 

planet  respectively  :  then  their  attractions  (being  proportional 

B  P 

to  their  masses)  may  be  represented  by  /—  and/—,  where  r 

represents  their  mutual  distance. 

Accordingly  the  total  acceleration  on  the  planet  towards 
the  Sun,  considered  as  a  fixed  centre,  is  represented  by 

Consequently  in  our  preceding  investigations  we  must 
regard  the  absolute  force,  /z,  as  proportional  to  /S  +  P  instead 
of  S ;  and  we  may,  by  proper  assumption  of  units,  take 

^=/(^  +  P). 

176.  Modification  in  Kepler's  Third  liaw. — From 
what  has  been  just  established  it  follows  that  Kepler's  third 
law  is  only  approximate.  To  determine  a  more  exact  result 
we  must  substitute  f{S  +  P)  instead  of  ju,  in  (31),  for  one 
planet,  and/(^+  F')  in  the  corresponding  formula  for  the 
other  planet,  when  we  have,  by  division, 


/S+P    (axur 


s+r    w  \T 


(41) 


As  observation  shows  that  Kepler's  third  law  is  very 
nearly  exact  for  all  the  planets,  we  conclude  that  the  mass  of 
the  Sun  is  very  great  in  comparison  with  that  of  any  of  the 
planets.  In  fact  the  mass  of  Jupiter,  which  is  the  largest  of 
them,  is  less  than  a  thousandth  part  of  that  of  the  Sun. 

This  conclusion  will  appear  more  clearly  from  the  follow- 
ing method  of  comparing  the  mass  of  the  Sun  with  that  of  a 
planet  where  the  planet  has  a  satellite  : — 
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177.   Comparison  of  Masses  of  Sinn  and  Planet. — 

Let  S  denote  the  mass  of  the  satellite,  ^  its  distance  from  the 
planet,  t  its  periodic  time ;  then,  since  the  satellite  revolves 
round  the  planet  we  have,  as  in  last  Article, 


/S  +  P      \al  V  t 
When  the  calculations  are  made,  it  is  found  that  in  all 
cases  f  -  J  (  —  j  is  a  very  small  fraction  :  and  hence  also  — . 

If  2  be  supposed  very  small  in  comparison  vi^ith  P,  as  P  is 
in  comparison  with  S^  we  can,  by  (42),  obtain  the  ratio  of  the 
planet's  mass  to  that  of  the  Sun,  approximately. 

Again,  for  two  planets,  P  and  P\  if  the  masses  of  the 
satellites  be  neglected,  we  have 

r  -  U;  VI 

178.  Mass  of  Sun. — When  applied  to  the  Earth  and 
its  satellite  the  Moon,  the  preceding  formula  gives  a  means 
of  comparing  the  mass  of  the  Sun  with  that  of  the  Earth. 

Let  E  and  M  represent  the  masses  of  the  Earth  and  the 
Moon,  r  their  distance,  then  equation  (42)  becomes 

JE+M     frVfTY 


S^  E      \aj\t) 


r        1 
Now,  as   a  rough   approximation,   we   assume  -  =  ^7:7: ' 

i.  e.  that  the  Sun's  distance  from  ns  is  400  times  that  of  the 

T 

Moon.     Also  we  take  —■  =  13'4,  or  that  the  year  is,  approxi- 

mately,  13 '4  times  the  periodic  time  of  the  Moon. 

^,.      .        8  +  E     64,000,000     ^^.  .^.  .      ,, 

This  gives  ^^:j7^=      HQ-m     "  ^^^'^^^  approximately. 

E 

Moreover,  as  determined  by  tidal  calculations,  ilf  =  =^ ; 

henoeweget  |.  361,473. 

E 
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This  result  represents  very  closely  the  ratio  of  the  Sun's 
and  Earth's  mass  as  determined  by  more  exact  investiga- 
tions. 

The  foregoing  calculation  shows  the  enormous  mass  of  the 
Sun  in  comparison  with  that  of  the  Earth.  In  like  manner 
the  relative  masses  of  Jupiter,  Saturn,  and  other  planets 
which  have  satellites  can  be  found,  approximately. 


Examples. 

1.  Prove  that  the  mass  of  Jupiter  is  nearly  270  times  the  mass  of  the  Earth 
from  the  following  observations  : — Jupiter's  fourth  satellite  is  at  a  mean  distance 
of  25  radii  of  Jupiter,  and  its  periodic  time  is  16  days  18  hours;  Jupiter's  mean 
radius  is  11  times  the  mean  radius  of  the  Earth  ;  the  mean  distance  of  the  Moon 
is  60  radii  of  the  Earth,  and  a  mean  lunation  is  28  days. 

2.  Prove  that  the  mean  density  of  Jupiter  is  a  little  greater  than  that  of 
water,  and  that  the  mean  value  of  ^  on  the  surface  of  Jupiter  is  about  71,  taking 
the  mean  density  of  the  Earth  as  5-67. 

179.  Mean  Density  of  Sun. — The  ratio  of  the  mean 
density  of  the  Sun  to  that  of  the  Earth  can  be  determined,  as 
follows : — 

From  (42)  we  have,  approximately, 


8  ^  fa\Vt_ 


Again,  let  p,  pi  denote  the  radii  of  the  Sun  and  Earth, 
and  a  the  ratio  of  their  mean  densities;  then,  assuming  them 
spherical  bodies,  we  have 


E-"' 


Hence 


«\YpAY_| 


\r)\T)' 


-=(-Tf4-.T.  (43) 


where  a  denotes  the  Sun's  mean  apparent  semi-diameter,  and  P 
the  Moon's  mean  horizontal  parallax. 
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T 

If  we  substitute  16'  for  a,  and  57'  for  P,  and  take  —  as 

v 

before,  we  get  o-  =  0*23,  i.e.  the  Sun's  mean  density  is  about 

one-fourth  that  of  the  Earth. 

It  should  be  observed  that  this  result  does  not  require  a 

knowledge  of  the  Sun's  distance ;  and,  as  the  constants  in 

(43)  can  be  obtained  with  great  accuracy,  the  ratio  of  the 

mean  densities  of  the  Sun  and  Earth  can  be  determined  with 

great  precision. 

180.  Planetary  Perturbations. — The  previous  deduc- 
tions respecting  the  planetary  motions  are  only  approximate 
for  another  and  a  more  important  reason,  namely,  that  in  them 
we  have  neglected  the  mutual  actions  of  the  planets  on  each 
other. 

However,  since  the  Sun's  mass  is  very  great  in  comparison 
with  that  of  all  of  the  planets,  their  attractions  on  any 
member  of  the  solar  system  may  be  regarded  as  small 
disturbing  forces,  and  the  planetary  orbits  as  approximately 
ellipses. 

The  usual  method  of  treatment,  accordingly,  is  to  regard 
each  planet  as  moving  in  an  ellipse,  in  which  the  elements* 
are  subject  to  very  slow  changes,  arising  from  the  perturba- 
tions or  disturbing  effects  of  the  other  planets. 

In  this  manner  the  problem  has  been  discussed  by 
Lagrange,  Laplace,  and  other  great  writers  on  Physical 
Astronomy.  We  shall  not  enter  into  this  discussion,  as  it 
is  beyond  the  limits  contemplated  in  this  treatise.  There 
is,  however,  one  mode  of  considering  the  effects  of  a  disturb- 
ing force,  which  may  be  here  introduced.  This  consists  in  sup- 
posing the  disturbing  force  resolved  into  two  componentsf, 


*  The  elements  by  which  a  planet's  path  is  determined  are — (1)  its  mean  dis- 
tance from  the  Sun  ;  (2)  its  eccentricity ;  (3)  the  longitude  of  its  perihelion ;  (4)  the 
inclination  of  its  plane  to  a  fixed  plane;  (5)  the  angle  which  the  intersection  of 
these  planes  makes  with  a  fixed  line  ;  (6)  its  epoch,  or  the  instant  of  the  planet's 
being  in  perihelion. 

t  There  is  in  general  a  third  component,  perpendicular  to  the  plane  of  the 
orbit.  It  is  not  proposed  to  consider  the  effects  of  this  component  here.  This 
method  of  treating  the  disturbing  forces  is  discussed  in  a  masterly  and  lucid 
manner  by  Sir  John  Herschel,  in  his  Outlines  of  Astronomy,  ch.  12  and  13. 
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one  along  the  tangent,  the  other  along  the  normal  to  the 
orbit,  and  in  treating  their  effects  separately. 

181.  Tangential  Disturbing  Force. — Suppose  P  the 
position  of  a  planet,  moving  in  the  ellipse ^P^,  in  which  S  and 
H  are  the  foci ;  then,  since  a  tan- 
gential disturbing  force  alters  the  p^.^ — — ^ 
velocity,  but  produces  no  effect  on    — /^^^7^     ^^^^ 
the  direction  of  motion,  it  is  easy   ^/     I       ^^\^  i    \ 
to  find  the  corresponding  changes   Ar~~~'^—~~ — ~^^^IK^  ]» 
in  the  elements  of  the  path.     For       \.  i  W 

the  new  position,  H\  of  the  second         ^ ^o* 

focus  will  still  lie  on  the  line  PH. 

Again,  if  v  denote  the  velocity  at  P,  we  have,  as  before, 

v^  =  -^  -  -. 
r       a 

When  the  change  in  ^?^,  caused  by  the  tangential  disturb- 
ing force,  is  known,  the  corresponding  change  in  a  can  be 
found ;  and  hence  the  position  of  S\  and  consequently  that 
of  the  new  axis  major. 

Thus  if  ^v  be  the  small  change  in  f,  due  to  the  disturbing 
force,  we  have 


...     ^a^  —  v^v,        .-.   EH'=2^a  =  —  vlv.     (44) 

If  the  tangential  force  act  in  the  direction  of  the  motion, 
and  consequently  increase  the  velocity,  a  will  also  be  in- 
creased, and  the  perihelion  A'  will  consequently  move 
towards  P. 

Again,  the  eccentricity  e  will  be  increased  when  SH'  is 
greater  than  SH,  i.e.  when  P  is  between  the  perihelion  A 
and  the   extremity  of  the  latus-rectum  drawn  through  H, 

182.  IVormal  Disturbing  Force. — Next,  if  a  normal 
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disturbing  force  act  at  P,  inwardly,  it  does  not  alter  the  velo- 
city, but  it  changes  the  direc- 
tion of  motion,  through  a  small 
angle  S^.  As  the  velocity  is 
unchanged,  the  length  of  the  ^, 
semi-axis  major  a  is  unaltered,  ^ 
while  the  angle  SPT  ia  altered 
by  the  quantity  ^cp.  Therefore 
the  angle  SFE',  between  PIT  and  the  corresponding  line 
PS'  in  the  new  orbit,  is  2S^ ;  also  PR  =  PH\  In  this 
manner  the  position  of  ^'  is  found  when  the  angle  S^  is 
known.  Again,  join  SH\  and  produce  it  at  both  ends,  then 
the  line  A'R'  will  represent  the  direction  of  the  axis  major 
of  the  new  orbit. 

Through  E  draw  BI)'  perpendicular  to  8R.  The  points 
D  and  D'  are  called  the  quadratures  of  the  orbit.  When  P 
lies  between  D  and  the  perihelion  A,  the  line  AB,  called  the 
line  of  apsides  {see  next  Article),  moves  in  the  same  direction 
as  the  planet,  and  is  said  to  advance.  The  eccentricity  in- 
creases at  the  same  time.  If  the  planet  be  between  aphelion 
B  and  2),  the  eccentricity  continues  to  increase,  and  the  line 
of  apsides  recedes. 

Again,  in  moving  from  A  to  B\  the  disturbing  force  still 
acting  imvards,  it  is  easily  seen  that  the  line  of  apsides 
advances,  and  the  eccentricity  diminishes.  Hence,  in  the 
motion  from  quadrature  to  quadrature,  through  perihelion, 
the  apse  continually  advances,  in  the  case  of  a  normal  dis- 
turbing force  acting  inwards ;  the  eccentricity  increases  daring 
the  first  half  of  the  motion,  and  diminishes  during  tlie  second. 

The  contrary  effects  have  place  for  a  normal  disturbing 
force  acting  outivards. 

In  like  manner  in  the  motion  from  quadrature  to  quad- 
rature through  aphelion,  the  apse  recedes ;  the  eccentricity 
increases  during  the  first  half  and  diminishes  during  the 
second. 

y  183.  Apsides. — A  position  for  which  the  moving  body 
is  at  a  maximum  or  a  minimum  distance  from  the  centre  of 
force  is  called  an  apse.  The  corresponding  distance  from  the 
centre  of  force  is  called  an  apsidal  distance,  and  the  line  join- 
ing the  centre  of  force  to  an  apse  is  called  an  apsidal  line. 


Equation  for  Determination  of  Apsides.  191 

Since  r,  and  consequently  u,  attains  a  maximum  or  a 
minimum  value  at  an  apse,  we  have  at  such  a  point 

dd 

It  is  easily  seen  that  the  orbit  is  symmetrical  at  both  sides 
of  an  apse,  provided  the  force  is  a  function  of  the  distance 
only.  For,  if  a  particle  be  supposed  projected  from  a  point 
Ain  Q.  direction  perpendicular  to  the  line  OA  drawn  to  the 
centre  of  force,  it  is  obvious  that  for  the  same  velocity  of  pro- 
jection we  must  have  exactly  similar  paths,  whether  it  be 
projected  in  any  given  direction  or  in  that  exactly  opposite. 
Moreover,  if  the  velocity  were  reversed  at  any  point,  the  body 
would  proceed  to  describe  the  same  orbit,  but  in  an  opposite 
direction.  From  these  considerations  it  follows  that  the 
central  orbit  must  be  symmetrical  at  both  sides  of  an  apse, 
since  at  that  point  the  motion  is  perpendicular  to  the  central 
radius  vector. 

184.  An  Orbit  can  bave  but  Two  Apsidal  Dis- 
tances.— For,  suppose  A  and  B  to  be  two  apsides,  and  the 
body  to  move  from  ^  to  ^ ;  then  after  passing  B  it  will,  by 
the  preceding  Article,  describe  a  curve  similar  to  BA  ;  and 
so  on.  Hence  the  apsides  are  constantly  repeated,  and  the 
angle  between  two  consecutive  apsidal  distances  is  the  same 
for  all  positions  of  the  orbit.  This  angle  is  called  the  apsidal 
angle  of  the  orbit.  It  is  plain  that  a  central  orbit  cannot  be 
a  closed  curve  unless  the  apsidal  angle  is  commensurable  with 
a  right  angle. 

185.  Equation    for    Determination   of  Apsides. — 

Let  i^=ju0(w),  then  we  have,  by  (13), 


,^^^mdu^c. 


where  the  value  of  C  is  determined  by  the  initial  conditions ; 

{u) 


therefore         ^M  ""  "^  ( ^ )  )  =  ^A* 


du  +  (7.  (45) 
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Hence,  as  -—  =  ^  at  an  apse,  the  equation  for  determining 
du 

the  apsidal  distances  is 

h'u'^'zA'^du^C,  (46) 

If  we  suppose  F==  fxii^^  equation  (45)  hecomes 

and  the  equation  for  the  apsides 

h^u^^^^n^^-'  +  C.  (48) 

n  -1  ^     ' 

The  form  of  the  latter  equation  shows  that  it  cannot  have 
more  than  two  positive  roots,  which  therefore  correspond  to 
the  two  apsidal  distances. 

For  example,  let  the  force  consist  of  two  parts,  one  vary- 
ing as  the  inverse  square  of  the  distance,  the  other  as  the 
inverse  cuhe,  or 

F^fxii'  ^fiu\  (49) 

then  h^  u^  =  2/iif  +  ixu^  +  C, 

Accordingly  the  apsidal  distances  are  in  this  case  deter- 
mined by  a  quadratic  equation.  If  ju  =  0,  there  is  but  one 
apsidal  distance. 

186.  Case  of  Velocity  clue  to  an  Infinite  Distance. 

— The  integration  of  equation  (47)  in  a  finite  form  is  in 
general  impossible ;  there  is,  however,  one  case  in  which  the 
equation  of  the  orbit  can  be  readily  determined,  viz.,  when 
the  velocity  at  any  point  is  that  acquired  in  moving  from  an 
infinite  distance  under  the  action  of  the  central  force. 


For  we  have,  in  this  case,  by  (17),  v^  =  — ^  w' 


n-\ 


therefore  «^  <SJ=  (^rSj^  ""-•  (^O) 
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Hence        'JB^'^  y^aii^^'^  -  1,  writing  a  instead  of 


dd        "^  '  o  (n-l)h'' 

therefore  0  =    ,  • 

J  u  -v/aw"-'  -  1 

To  integrate  this,'"  let  aw""^  =  — ,  then  —  = — ; 

z^  u  n-S  z 

and  we  get       .  = ^ 


2 


n-3 


cos~^«  +  const. 


.-.     6  +  15  =  -— ^  cos-^s,  or  z  =  cos  —^  {6  +  /3). 
where  j3  is  an  arbitrary  constant : 


n-3 


If  a  denote  the  apsidal  distance,  and  9  be  measured  from 
the  apsidal  line,  the  preceding  may  be  written 

n-3  n-3  ^^  _   3 

r  2  =  05  3   cos  — — -  0.  (52) 

This  is  the  polar  equation  of  the  orbit. 

For  example,  when  n  =  2,  we  get  the  parabola 

rs  cos  i  0  =  a^. 

Again,  when  w  =  5,  it  becomes 

r  =  a  cosO; 

a  circle  having  its  centre  on  the  circumference. 

o 
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For  w  =  7  we  get  the  lemniscate 

r"^  =  a^  cos  20, 
and  so  on. 

Equation  (52)  fails  when  w  =  3 ;  in  this  case,  however, 
(50)  becomes 

du  /  u     - 

which  gives  kd  =  log  u  +  const.,  where  k  =   l~  -  1, 

or  u  =  j3e*e . 

This  is  the  equation  of  a  logarithmic  spiral. 

187.  Approximately  Circular  Orbits. — If  the  orbit 
described  round  a  centre  of  force  be  nearly  a  circle,  its  equa- 
tion can  be  found  approximately,  as  follows : — 

Assume  F=  fiu^fiu),  then  equation  (26)  becomes 

dhi  /*  ^/  X 

^-e^  +  «  =  ^/(»). 

If  the  orbit  were  an  exact  circle  we  should  have 
u  =  ff,  and  ^2  =  ^ ; 
therefore  a  must  satisfy  the  equation 

«  =  |/W-  (53) 

When  the  orbit  is  approximately  circular  we  may  assume 
u  =  a  +  Zf  where  z  is  always  very  small. 

XT  ^'^  M      ./  X 

Hence  ^  "^  ^  "^  ^  "  A^  ^^  "*"  ^^' 

or  ;^ +  « +  2=^  (/(«)  + 2r(«))- 
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By  (53)  this  becomes,  neglecting  z^  and  higher  powers  of  2, 

or,  substituting  -r-r  for  7^, 

If     ^  =  1  -  •  ,  ,  ,  this  becomes 

When  k  is  positive,  the  integral  of  this,  by  Art.  109,  is 

2  =  C  cos  {Oy/k  +  a), 

or  u  =  a  +  c  cos  {6 ^/k  +  a),  (65) 

when  c  and  a  are  arbitrary  constants. 

The  greatest  value  of  k  is  a  +  c;  consequently,  in  order 
that  the  orbit  should  be  approximately  circular,  it  is  necessary 
that  c  should  be  very  small  in  comparison  with  a. 

Again,  supposing  c  positive,  the  greatest  value  of  u  has 
place  when  9  ^k  +  a  =  0,  and  the  least  when  9  ^k  +  a  =  tt  ; 
consequently  the  apsidal  angle  is 

TT  TT 

or 


If  k  be  negative,  i.e.  if  -^——  >  1,  the  integral  of  (54)  is 
/  {^) 

of  the  form 

2  =  Ae^'^  +  Be'^'~\ 

and  therefore  2  would  either  increase  or  diminish  indefinitely 

02 
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with  Q ;  and  accordingly  the  orbit  cannot  be  approximately 
circular  in  that  case. 

The  value  of  k  depends  on  the  law  of  force  :  for  example,  if 
the  force  vary  inversely  as  the  n^^  power  of  the  distance,  then 

/(«)  =  ^««-%     and    &=n-2. 

Accordingly,  in  this  case,  k  =  ^  -  n. 

Hence  a  nearly  circular  orbit,  having  the  centre  of  force  in 
the  centre,  is  impossible  for  laws  of  force  tvhich  vary  inversely  as 
a  higher  poicer  than  the  cube  of  the  distance. 

When  n  is  less  than  3,  the  angle  between  the  apsides  is 


^/3-f^ 

For  instance,  if  n  =  2,  the  angle  is  tt  ;  this  agrees  with 
what  has  been  already  proved,  as  the  orbit  is  a  focal  conic  in 
this  case. 

Again,  ii  n  =  -  1,  the  angle  is  Jtt,  as  it  ought  to  be,  since 
the  orbit  is  a  central  ellipse. 

188.  Movable  Orbits. — If  a  central  orbit  be  made  to 
move  in  its  own  plane  with  an  angular  velocity  propor- 
tional at  each  instant  to  that  of  the  radius  vector  in  the  orbit, 
we  can  easily  show — (1)  that  the  new  orbit  is  also  a  central 
orbit;  (2)  that  the  difference  between  the  forces  in  the  two 
orbits  varies  inversely  as  the  cube  of  the  distance  from  the 
centre  of  force.  (Newton,  Frincipia,  lib.  i.,  sect.  9.) 

In  a  central  orbit  we  have,  in  general. 

If  now  we  make  9  =  kO',  where  k  is  constant,  the  former 
equation  gives 

/'-  -TT  =  T  =  A' (suppose). 
dt       k 

This  shows  that  the  point  describes  equal  areas  in  equal 
times  round  the  origin ;  accordingly  the  new  path  described 
by  the  point  is  also  a  central  orbit. 
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Again,  the  second  equation  may  be  written 

=  P  + —  =  P'  (suppose) ; 

hence  P'  -  P  = —  :  this  shows  that  the  difference  be- 

.  ^  .1 

tween  the  forces  in  the  fixed  and  movable  orbits  varies  as  — , 

Hence,  from  any  central  orbit  we  can  get  another,  called 
by  Newton  a  revolving  orbit ;  and  the  equation  of  the  revolv- 
ing orbit,  in  polar  coordinates,  is  derived  from  tliat  of  the 
original  by  substituting  kd  for  B ;  where  the  constant  k  is 
determined  from  the  initial  conditions. 

For  example,  when  F=  —,  we  get  a  focal  conic,  whose 

equation  is  of  the  form 


1  +  e  GOs{0  -  a)^ 
hence,  if  i^=  —  +  — ,  the  equation  of  the  orbit  is  of  the  form 

A 


1  +eCOS(^^-  o) 

The  apsidal  angle  in  the  new  orbit  is  equal  to  that  in  the 
original  orbit  divided  by  7r,  as  is  readily  seen.  Newton  applied 
this  method  to  the  investigation  of  the  apsidal  angle  in  the 
lunar  orbit.  His  discussion  is  beyond  the  limits  proposed  in 
the  present  treatise.  Moreover,  the  progression  of  the  Moon's 
apse,  thus  determined  by  Newton,  is  but  half  its  true  amount. 

Examples. 

^  1 .  Find  the  law  of  force  in  a  circle  when  the  centre  of  force  is  situated  on 
its  circumference.  1 

Ans.     — . 

2.  Investigate  the  motion  of  a  hody  which  is  acted  on  hy  several  centres  of 
force  varying  directly  as  the  distance ;  and  show  how  to  construct  the  position 
of  the  centre  of  the  orbit. 
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3.  In  the  same  case,  find  the  condition  that  the  orbit  should  be  a  parabola. 

4.  Assuming  that  the  law  of  force  in  a  focal  conic  is  that  of  the  inverse 
square  of  the  distance,  show  that  the  converse  theorem  can  be  immediately- 
established,  viz.,  that  a  particle  attracted  by  a  centre  of  force,  varying  accord- 
ing to  that  law,  will  describe  a  conic,  having  the  centre  of  force  in  one  of  its 
foci. 

6.  A  semi-ellipse  is  freely  described  by  a  particle  under  the  action  of  a 
force  parallel  to  its  axis  of  figure ;  determine  the  requisite  law  of  force,  with 
the  velocity  of  the  particle  on  reaching  or  leaving  either  extremity  of  the  semi- 


6.  Prove  that  the  law  of  force  in  an  equiangular  spiral  is  that  of  the  inverse 
cube  of  the  distance  ;  and  explain  why  we  cannot  assert,  conversely,  that  a  body 
acted  on  by  such  a  force  will  describe  an  equiangular  spiral. 

7.  If  the  velocity  at  each  point  in  a  central  orbit  be  equal  to  that  in  the 
equidistant  circle,  prove  that  the  orbit  is  an  equiangular  spiral  for  an  attractive 
force. 

By  Art.  91  the  velocity  in  the  equidistant  circle  =  VjPr.    Again,  by  Art.  162, 

the  velocity  in  the  orbit  =  V^ ;    therefore  r  =  y  =  p  —  .     Hence  ^  =  £^  • 

dp  r       p 

therefore  r  =  kp,  and  consequently  the  orbit  is  an  equiangular  spiral. 
If  the  force  be  repulsive,  the  orbit  is  an  equilateral  hyperbola. 

8.  In  general,  if  the  velocity  at  each  point  in  a  central  orbit  be  in  a  constant 
ratio  to  that  in  an  equidistant  circle  ;  find  the  law  of  force  and  the  equation  of 
the  orbit. 

Let  the  constant  ratio  be  represented  by  1  :  Vw;  then,  as  in  preceding 
example,  we  have 

r  -rznp  —  ;  hence  p  =  kr». 
dp 

From  this  it  is  easily  seen,  as  in  Art.  162,  that  the  equation  of  the  orbit  is 
of  the  form 

r»-i  =  «»"^  cos  {n  —  \)0. 

The  law  of  force  is  readily  found ;  for,  in  general, 

^111 

F  oc  oc  oc  • 

P^y      P^'*'       r^"+i 

9.  In  the  same  case,  show  that  the  velocity  at  each  point  in  the  orbit  is  that 

due  to  motion  from  an  infinite  distance,  subject  to  the  central  force. 

Fr         u. 
Here  v^  =  —  =  -J-— ;  hence,  by  (17)  Art.  160,  the  velocity  is  that  due  to 

an  infinite  distance. 

10.  When  the  velocity  and  direction  of  motion  at  any  point,  as  well  as  the 
centre  and  intensity  of  the  force,  are  given,  show  how  to  find  the  radius  of  cur- 
vature of  the  orbit  at  the  point. 

11.  A  body  is  acted  on  by  two  attractive  centres  of  force,  of  equal  intensity  ; 
and  also  by  a  repulsive  force  from  another  centre,  of  double  the  intensity ;  the 
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forces  varying  directly  as  the  distance.  Prove  that  the  orbit  is  a  parabola,  and 
show  how  to  construct  its  focus  and  directrix  when  the  initial  velocity  and  di- 
rection of  motion  are  given. 

12.  If  a  repulsive  force  vary  as  the  inverse  square  of  the  distance,  prove 
that  the  orbit  is  a  branch  of  a  hyperbola,  having  the  centre  of  force  in  the  focus 
external  to  the  orbit. 

13.  A  particle  is  acted  on  by  a  central  repulsive  force,  which  varies  as  the 
n*^  power  of  the  distance.  If  the  velocity  at  any  point  be  that  due  to  motion 
from  the  centre  of  force ;  find  the  equation  of  the  path. 

Here,  by  (20),  Art.  160,  we  have 

«3  _      ^     yn+i    or  —  =  rn+1  • 


m2  -}-  I  — - )  = ,  where  h^  =  —-. 

\del       w^^i  /t2(«  + 


1) 


therefore 


VA2  -  M"+3 

hence  we  get  u^  =  aco%  '■ Q. 

14.  If  the  velocity  at  each  point  in  a  central  orbit  varies  directly  as  the  dis- 
tance from  the  centre  of  force,  prove  that  the  orbit  is  an  equilateral  hyperbola, 
and  find  the  law  of  force. 

15.  Show  that  the  velocity  at  any  point  in  a  focal  parabola  is  to  that  in  the 
equidistant  circle  as  V2  :  1. 

16.  If  the  law  of  force  be  that  of  the  inverse  cube  of  distance,  investigate 
the  different  varieties  of  orbit  described. 


Let  F  =  (jM^y  then  equation  (23)  becomes 
u  d'^u 


+  m=^m;   or  T::;r+  \l  -  ^A  u  =  0. 


Accordingly,  the  equation  of  the  orbit  depends  on  the  sign  of  1  -  Vg  >  ^^^d 
therefore  on  the  initial  circumstances  of  the  motion. 

Suppose  the  particle  projected  initially  at  the  distance  R,  with  the  velo- 
city V,  and  in  a  direction  which  makes  the  angle  <a  with  R  ;  then 

h  =  VR  sin  «. 
Again,  if  V  be  the  velocity  in  the  equidistant  circle,  we  have.  Art.  89, 
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Hence  1  -  ^  is  positive,  zero,  or  negative,  according  as  V  sin  w  is  greater, 
equal  to,  or  less  than  V',  tlie  velocity  in  an  equidistant  circle. 

(1)  Let  Fsin  w  >  V.    In  this  case  1  —  -  is  positive — equal  ¥■,  suppose — and 
the  equation  may  be  written  '^ 

The  integral  of  this  is  of  the  fonn 

w  =  ^  cos  {Jc9  +  o). 

A  is  plainly  the  maximum  value  of  u  ;  and  therefore  corresponds  to  an  apsidal 
distance.  Let  a  be  this  distance,  and,  if  Q  be  measured  from  the  apsidal  line, 
the  equation  of  the  orbit  is 

r  cos  ^0  =  0.  (1) 

(2)  Let  F  sin  w  =  F',  then  I  -  —  =  0,  and  we  have 

this  gives  u  =  A{Q  ■\-  a);  and  the  equation  of  the  orbit  is  reducible  to 

r6  =  constant,  (2) 

which  represents  the  hyperbolic  spiral. 

(3)  Let  F  sin  o)  <  V.     If  we  multiply  the  equation 

d'^u  u 

by  2du,  and  integrate,  we  get 

where  c  is  constant. 

Hence  v^  —  ixu"-  ■\-  K^c. 

Substituting  the  initial  values,  this  gives 

P'2  _    Y'Z 


c  = 


A2 


therefore  Q\  ..  =  t^.  ,  Yl^ .  (3) 

The  apse  is  determined  by  making  —  =  0  ;  consequently,  since  7^  >  1,  the 

dd  hr 

orbit  has  or  has  not  an  apse  according  as  V  is  less  or  greater  than  V . 

Hence,  if  the  initial  velocity  be  less  than  that  in  an  equidistant  circle,  the 
orbit  is  apsidal. 
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Suppose  a  to  be  tlie  corresponding  apsidal  distance,  then 


and,  making  t^  —  1  =  ^^j  equation  (3)  becomes 


therefore  ■— -  =  -  ya^u^  —  1  :    or  -  =  kdQ. 

d9      a  Va'^«2-1 

The  integral  of  this  is 


ke  +  a  =  log  {au  +  y/a'u'^  -  1). 

But  if  e  be  measured  from  the  apse,  we  have  0  =  0  when  au  =  I.     Conse- 
quently 0  =  0,  and  we  have 

au  +  y/a^u^  -  1  =  e^. 
Hence  au  =  ^{e^^  +  e'^^). 

Here  u  increases  with  6  ;  and  consequently  the  body,  after  leaving  the  apse, 
approaches  nearer  and  nearer  to  the  centre  of  force. 

Secondly,  if  the  initial  velocity  be  equal  to  that  in  the  equidistant  circle, 
(3)  becomes 

du'^  ^w     , 

-— -  =  A;2w2    or  —-  =  /cu; 
dd^  '        de 

this  gives  u  =  ae^^, 

the  equiangular  spiral  (Ex.  7). 

Thirdly,  if  The  greater  than  V,  let 

V^  -  V 
and  equation  (3)  becomes 


=  -^2^2, 


g)'=^M«^  +  ^^),    or^  =  W.2+^2. 
This,  when  integrated  as  above,  gives 

and  the  curve  is  represented  by  the  equation 

A 

The  value  of  A  can  be  readily  determined  from  the  initial  conditions. 

17.  In  elliptic  motion  about  a  centre  of  force  in  a  focus,  prove  that  Jvc?*, 
taken  through  any  arc,  is  proportional  to  the  area  subtended  by  the  arc  at  the 
empty  focus. 
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18.  Prove  that  the  expression  for  the  central  attraction  for  any  law  of  force 

may  he  written  in  the  form 

^     -^^      .. 
F=  —  -r. 

If  we  change  the  sign  in  the  expression  for  the  acceleration  along  the  radius 
vector  in  Art.  28,  we  get 

F=rh-'r. 

This  assumes  the  proposed  form  on  substituting  for  Q  its  value  -^ . 

19.  What  would  bo  the  motion  of  a  projectile  if  the  force  of  gravity  varied 
inversely  as  the  cube  of  the  height  above  a  horizontal  plane  ? 

Here  the  path  evidently  lies  in  a  vertical  plane. 

If  the  line  of  intersection  of  this  plane  with  the  horizontal  plane  he  taken 
as  the  axis  of  x,  and  a  vertical  line  as  the  axis  of  y,  the  equations  of  motion 
may  be  written 

dx 


therefore  -r"  =  <?,    I -/ I  =  A  +  «', 

dt  \dtl      y^ 

\  which  depend  on  tL 

Idyy^  1  At  +  gy^ 
\dxj       c2       s/2      ' 


where  c  and  c'  are  constants  which  depend  on  the  initial  circumstances  of  the 
motion.     Consequently 


dx 


Hence  we  get  V/t+  e'y'^  =  c'  -  +  const. 


Consequently  the  path  is  an  ellipse  or  a  hyperbola  according  as  c'  is  negative 
or  positive.     The  path  is  a  parabola  if  c'  =  0. 

20.  Prove  by  Newtonian  methods  that,  if  two  bodies  attract  one  another 
iiccording  to  any  law,  they  describe  similar  figures  about  their  centre  of  inertia 
and  about  one  another. 

Neglecting  the  obliquity  of  the  ecliptic,  and  the  inclination  and  the  eccen- 
tricity of  the  lunar  orbit,  show  that,  if  we  take  the  Sun's  distance  as  390  times 
that  of  the  Moon,  the  Earth's  mass  as  79  times  that  of  the  Moon,  and  the  lunar 
synodic  period  as  30  mean  solar  days  ;  then  the  solar  day  is,  to  a  near  approxi- 
mation, shorter  at  full  Moon  that  at  new  Moon  by  one  468,000th  part  of  a  mean 
solar  day.  Cainb.  Trip.,  1882. 

21.  A  material  particle,  moving  freely  in  a  plane,  being  supposed  to  describe 
a  conic  under  the  action  of  a  central  force  emanating  from  any  point  in  the 
plane  ;  show  that  the  force  varies  directly  as  the  distance  from  the  point,  and 
inversely  as  the  cube  of  its  distance  from  the  polar  of  the  point  with  respect  to 
the  curve. 
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22.  In  free  motion  in  a  plane  under  the  action  of  a  central  force  varying 
according  to  any  law,  state  and  prove  the  effect  on  the  trajectory  (and  on  the 
motion  in  it)  of  an  additional  force  emanating  from  the  same  centre,  and  varying 
inversely  as  the  cuhe  of  the  distance. 

23.  An  elKpse  of  eccentricity  e  and  a  parahola  have  a  common  focus  and 
latus  rectum  ;  and  equal  particles  describe  them  under  the  action  of  forces,  to 
the  common  focus,  of  the  same  absolute  intensity.  If  the  particles  moving  in 
the  same  direction  meet  at  one  extremity  of  the  common  latus  rectum  and  coa- 
lesce, prove  that  their  subsequent  path  will  be  an  ellipse  of  eccentricity  |(1  +  ^), 
according  as  both  foci  of  the  ellipse  do  or  do  not  lie  within  the  parabola ;  and 
find  its  major  axis.  What  will  the  path  be,  if  the  particles  be  moving  in  oppo- 
site directions  when  they  meet  ?  Camb.  Trip.y  1879. 

24.  A  body  is  revolving  in  an  ellipse,  whose  eccentricity  is  >  ^,  under  the 
action  of  a  force  tending  to  the  focus  S ;  and  when  it  is  at  a  distance  SP  from  S 
equal  to  the  latus  rectum,  a  blow  is  given  to  it  perpendicular  to  SP,  such  that 
its  new  direction  is  perpendicular  to  the  major  axis.  Show  that  the  dimensions 
of  the  orbit  are  unaltered,  but  that  the  major  axis  is  tiuned  through  an  angle 
SPM,  where  jEf  is  the  empty  focus.  Id.y  1882. 

26.  Find  the  laws  of  attraction  for  which  the  trajectories  described  round  a 
centre  of  force  are  closed  orbits.  (Bertrand,  Comptes  rendus,  1873.) 


If  2^  I 


<j>  (u)  du 

— ^-^ —  =  F{u)  +  const.,  equation  (23)  gives 


(du\^     1 
where  c  is  an  arbitrary  constant ;  therefore 


r du 


Again,  let  o,  )3  represent  the  values  of  u  which  correspond  to  the  apsidal 
distances,  then  a  and  ;8  are  roots  of  the  equation 


jtF{u)  +  c-m2=0. 


Accordingly  we  must  have 


-F{a)-ve-o?^0,     ^F{$)+ e  -  $^  =  0; 

and  if  do  be  the  apsidal  angle,  we  get,  abstraction  being  made  of  the  sign, 

du 


(») 


Assuming  mdo  =  tt,  then,  for  a  closed  orbit,  m  must  be  a  commensurable  number 
(Art.  184). 
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If  —  and  c  be  eliminated  by  aid  of  the  two  preceding  equations,  we  obtain 


Ij 


^  F(^)-F{a)  F{fi)-F{a) 


an  equation  wbich  should  hold  for  all  values  of  o  and  $. 

To  determine  the  form  of  the  function  F,  we  suppose  a  and  $  very  nearly 
equal,  in  which  case  the  orbit  is  approximately  circular. 

Hence,  from  Art.  187,  we  get 


,-        /         aF"{a)  aF"(a)      , 

Let  F'{a)  =  F,  then  ^=  ^^  =  (I  -  m^)-;  hence 

where  C  is  an  arbitrary  constant.  (rf) 

(J 
From  this  we  get  F{a)  = ■„  a^*"'  +  const. 

"We  may  assume  the  latter  constant  to  be  zero,  since  it  disappears  when  we 
substitute  in  equation  (c). 

Again,  since     2/t  ^^  =  i^(w),  we  have  <p{u)  =  d  u^--*', 

where  Ci  is  arbitrary. 

"We  next  proceed  to  determine  m  from  the  condition  that  (c)  must  be  satis- 
fied for  all  values  of  a  and  fi. 

(1)  Let  m2  <  2,  and  make  a  =  0,  and  jS  =  1  ;  then 
Substituting  in  (c),  we  obtain 


i; 


du 


Jo  V«'-«»''  -  m2 

Again,  if  m"*^  =  z, 


Jo  wV;.^^i^^ri[  "  »«'  Jo  V^O^z)  "  m2 ' 


The  condition  gives  —  =  — -  ;  therefore    m  =  1.      Accordingly,  the  force 
m      m^ 

varies  as  w%  or  as  — r' 

,.2 
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(2)  Let  m^  >  2  ;  then,  if  o  =  0,  we  have  F{a)  =  F{0)  =  -  oo  ;  and  if  )8  =  I 

Q 

we  have  F{$)  =  -^(1)  = ^.     Substitute  in  (c),  and  it  becomes 

(^  dU  IT  IT  TT 

I     .  =  —  ;    or  —  =  — :     .'.  m  —  2. 

Jo  V 1  —  w^      *^  2      w 

in  which  case  the  force  varies  directly  as  the  distance. 

Hence,  as  M.  Bertrand  observes,  "parmi  les  lois  d'attraction  qui  supposent 
Taction  nulle  a  une  distance  infinie,  cella  de  la  nature  est  la  seule  pour  laquelle 
un  mobile  lance  arbitrairement,  avec  une  vitesse  inferieure  a  une  certaine  limite, 
et  attire  vers  un  centre  fixe,  decrive  necessairement  auteur  de  ce  centre  une 
corn-be  fermee.  Toutes  les  lois  ^^ Q,tixdiQi\Qn  permettent  des  orbites  fermees,  mais 
la  loi  de  la  nature  est  la  seule  qui  les  impose.''^ 

26.  Investigate  the  condition  of  stability  of  a  circular  orbit  described  about 
a  centre  of  attraction  in  the  centre  of  the  circle. 

5;|5"Prove  that  if  the  attraction  varies  inversely  as  the  fourth  power  of  the  dis- 
tance, a  particle  describing  a  circle  of  radius  a  freely  will  be  found  ultimately 
describing  either  the  curve 

cosh  0+1  cosh  9-1 

r  =  a  — : r ,  or  r  =  a 


cosh  d  +  2 
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CHAPTEE  YIII. 

CONSTRAINED   MOTION — MOTION    IN    A    RESISTING    MEDIUM. 

Section  I. — Constrained  Motion. 

189.  Motion  on  a  Fi&ed  Curve. — When  a  particle  is 
constrained  to  move,  without  friction,  on  a  given  fixed  curve, 
the  problem  reduces  to  the  determination  of  the  velocity  at 
any  instant,  as  well  as  of  the  normal  reaction  of  the  curve. 
The  motion  may  in  this  case  be  regarded  as  free  by  the 
introduction  of  the  force  of  reaction  of  the  curve,  in  addition 
to  the  external  forces. 

Hence,  if  N  represents  the  normal  reaction,  the  general 
equations  of  motion  may  be  written,  when  referred  to  a  rect- 
angular system  of  axes, 

;w^  =  X+iVcosa,  m  — =  F+iV^ cos j3,  m~  =  Z+  N GOBy, 

(1) 
where  a,  j3,  y  are  the  angles  the  normal  reaction  makes  with 
the  axes  of  coordinates  ;  and  X,  !F,  Z  are  the  components  of 
the  external  force,  parallel  to  the  axes  of  coordinates,  respec- 
tively. If  the  first  equation  be  multiplied  by  dx,  the  second 
by  di/,  and  the  third  by  dz^  we  get,  on  addition, 

'^  (^"^^  "^  Jf  (^t/  +  ^clz'j  =  Xdx+  Ydy  +  Zdz,      (2) 

since  cos  adx-\-  cos  j3c??/  +  cos  ydz=0,  as  the  direction  of  N  is 
perpendicular  to  the  tangent  to  the  curve. 
This  gives  on  integration 

*-'= 4- 1  ($y  (SJ-^  (1)1  =  j(^'^  -  ^<^y-^'^^) 

+  const.      (3) 
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Hence  the  velocity  is  given  "by  the  same  equation  as  in 
the  case  of  unconstrained  motion  (Art.  131). 

For  a  conservative  system  of  forces  (Art.  125),  the  velo- 
city V  at  any  point  can  generally  he  found  from  this  equation. 
For,  let  X^iT  +  Ydy  \  Zdz  be  the  exact  differential  of  the 
function  <^{x^y,%)\  then  if  v  be  the  velocity  at  the  point 
x\  y\  z\  we  have 

im{v'-  v'')  =  ^  {x,  y,  s)  -  ^  [x,  y\  z').  (4) 

Hence  the  velocity  at  any  point  is  independent  of  the  path 
described ;  and,  accordingly,  if  different  curves  be  drawn 
joining  any  two  points,  a  particle  starting  from  one  of  these 
points  with  a  given  velocity  would  arrive  at  the  other  point 
with  the  same  velocity  whatever  path  it  described ;  friction 
being  neglected. 

Two  of  the  preceding  equations  (1)  are  sufficient  for  a 
plane  curve ;  for  in  this  case  N  acts  in  the  plane  of  the 
curve,  and,  by  taking  the  axes  of  x  and  y  in  that  plane,  the 
third  equation  will  disappear. 

In  the  case  of  a  central  force,  represented  by  /u^'(r),  we 
have,  as  in  Art.  131, 

Again,  as  in  Art.  116,  it  is  readily  seen  that  the  pressure 
on  the  curve  in  any  case  is  the  resultant  of  the  centrifugal 
force  and  the  normal  component  of  the  external  forces. 

The  particle  will  leave  the  curve  at  the  point  for  which 
the  normal  reaction  becomes  zero. 


Examples. 

1.  A  particle  is  constrained  to  move  in  a  circle  under  the  influence  of  a  re- 
pulsive force,  acting  from  a  point  on  the  circumference,  and  varying  as  the 
distance  :  find  the  pressure  on  the  curve,  the  initial  position  being  at  the  centre 
of  force,  and  the  particle  starting  from  a  state  of  rest. 

Ans.     -^—  ,  where  r  is  the  distance  from  the  centre  of  force,  and  a  the  radius 
2^  of  the  circle. 

2.  A  particle  is  constrained  to  move  in  a  logarithmic  spiral,  and  is  attracted 
to  the  pole  of  the  spiral  by  a  force  varying  inversely  as  the  square  of  the  dis- 
tance. If  the  particle  start  from  rest  at  the  distance  a  from  the  pole,  find  the 
time  of  describing  any  portion  of  the  curve. 
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Let  fjL  denote  the  absolute  force  ;  then,  by  (5),  we  have 


6 

Again,  if  r  =  ce^  be  the  equation  of  the  spiral,  we  have 
ds      dr    , -, 


therefore  -—  =    /  ^ / 

dt      \  1  +  F-  \  r      a 

Integrating,  as  in  Art.  140,  we  get  for  the  time  of  motion  from  the  distance 
a  to  the  distance  r, 

Also  the  whole  time  oi  motion  to  the  centre  is  -  ^  / • 

It  is  readily  seen  that  the  problem  of  constrained  motion  in  a  logarithmic 
spiral,  under  the  action  of  any  central  force  directed  to  its  pole,  is  reducible  to 
free  rectilinear  motion  under  the  action  of  a  corresponding  central  force  in  the 
line  of  motion. 

3.  A  particle  under  the  action  of  gravity  moves  down  the  inner  side  of  a 
smooth  ellipse  whose  axis  major  is  vertical.  Being  given  its  initial  velocity, 
find  where  it  will  leave  the  ellipse. 

Taking  the  centre  as  origin,  and  the  axis  major  as  axis  of  x,  the  value  of  x 
at  the  required  point  is  given  by  the  equation 

2d=  3x-x^^, 

where  d  is  the  height  above  the  centre  of  the  level  line  to  which  the  velocity  at 
€ach  point  is  due. 

4.  In  the  same  question  find  the  least  velocity  at  the  lowest  point  of  the 
ellipse  in  order  that  the  particle  should  make  a  complete  revolution  in  the  curve, 

Ans.   ^J (ja  (5  -  e^). 

190.  Theorem  of  M.  Ossian  Bonnet. — If  masses 
m,  m',  m\  &c.,  respectively  subject  to  the  action  of  forces, 
F^  F\  F'\  &c.,  and  starting  all  in  the  same  direction  from  a 
point  A,  with  velocities  f^o,  t\\  v",  &c.,  describe  the  same  curve 
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A  CB ;  then  the  same  path  will  also  be  described  by  the  mass 
M,  when  projected  from  the  same  point  in  the  same  direction, 
and  subject  to  the  action  of  all  the  forces,  F,  F\  F'\  &c., 
provided  the  initial  vis  viva  MVo  is  equal  to 

mvo^  +  711  Vo*  +  m'V  +  &c., 

the  sum  of  the  vires  vivce  of  the  different  masses.  (Bonnet, 
Lioiiville^s  Journal,  1844.) 

For,  suppose  the  particle  M  constrained  to  move  in  the 
curve  ACB,  and  let  iVbe  the  normal  reaction  at  any  point ; 
then,  if  the  components  of  F,  parallel  to  a  rectangular  system 
of  axes,  be  respectively  represented  by  X,  F,  Z,  those  of  Fy 
by  X\  Y\  Z\  &c. ;  from  (1),  we  have 

Jf  ^  =  X  +  X'  +  X''  +  &c.  +  iV^cos  a, 
at 

m"^,  =  Y+r+  Y"  +  &c.  +  iV^cosjS, 

ut 

if^  =  Z  +  Z'  +  Z"  +  &c.  +  iV^cos  7, 

and,  as  in  (2),  we  have 

d{MV')  =  2dx^X  +  2dy:2.Y+  2dz'2,Z. 

But  if  V,  v\  v'\  &c.,  be  the  velocities  in  the  partial  movements 
of  m,  m',  m",  &c.,  at  the  same  point, 

dirnv')  =  2  {Xdx  +  Ydy  +  Zdz), 

&c.,  &c.,  &c. 

Hence    d {MV^)  =  d  {mv"  +  rri'v""  +  m'V*  +  &c.) ; 

therefore  MV^  =  2  (mi;*)  +  constant, 

OT  MV^  =  ^mv^y  from  our  hypothesis. 

It  is  now  easy  to  prove  that  the  normal  pressure  iV^  is  zero 
at  each  point,  and  consequently  that  M  would  describe  the 
curve  ACB  freely,  under  the  combined  action  of  all  the 
forces. 
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For  the  force  iV^  is  equal  and  opposite  to  the  resultant  of 

the  centrifugal  force,  ,  and  the  several  normal  compo- 

P 
nents  of  the  forces,  F,  F\  F'\  &c. 

Again, = + + +  &c. ;  (5) 

P  P  9  9 

but  — , ,  &c.,  are  respectively  equal  and  opposite  to  the 

9        9 
normal   components  of  F^  F\  F'\  &c.,  because  w,  m',  &c., 

describe  the  path  ACB  freely. 

Hence  there  is  equilibrium  between  the  centrifugal  force 

and  the  total  normal  component  of  jP,  F\  F^\  &c.  ;  and 

9 
consequently  iV  =  0. 

In  general,  if  the  initial  velocity  of  M  do  not  satisfy  the 
equation  MV^  =  ^nwo^,  the  normal  pressure  on  the  path  ^(7^ 
will  vary  directly  as  the  curvature.  For,  from  the  preceding 
analysis, 

,^    MV'-'S.mv^     MVo'-^mvo" 

JV  = = .  (6) 

9  9 

Also,  if  one  of  the  forces  {F'  suppose)  be  changed  into 
its  opposite,  it  is  readily  seen  that  the  preceding  theorem  still 
holds,  provided  we  change  the  sign  of  the  corresponding  term 
(wV^)  in  the  expression  ^{mv"^). 

Examples. 

1 .  A  particle  constrained  to  move  in  an  ellipse  is  acted  on  by  an  attractive 
force  directed  to  one  focus,  and  a  repulsive  force  from  the  other,  whose  intensi- 
ties vary  as  the  inverse  square  of  the  distance  :  if  the  absolute  intensities  of  the 
forces  be  equal,  find  the  pressure  on  the  ellipse  at  any  point  during  the  motion. 

2.  Hence  show  that  a  particle  placed  at  equal  distances  from  two  such  centres 
of  force  will  describe  a  semi- ellipse,  under  their  joint  action. 

3.  A  particle  moves  under  the  attraction  of  two  forces  directed  to  the  fixed 
points  A  and  £,  each  varying  according  to  the  law  of  nature,  and  a  third  force, 
varying  directly  as  the  distance,  directed  to  C,  the  middle  point  of  AB  ;  show 
that  the  particle  can  be  projected  from  any  point  so  as  to  describe  an  ellipse 
having  A  and  B  as  its  foci.  Lagrange,  Mec.  Anal.,  t.  2,  §  83. 

Ans.  The  initial  velocity  vq  is  given  by  the  equation 

t'o'  =  ^  +  ^+  /'//', 
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where  fi,  y! ,  fi"  denote  the  absolute  forces  for  the  centres  A,  B,  C,  respectively  ; 
f,f'  the  initial  distances  from  A  and  JB  ;  and  a  the  semiaxis  major  of  the  ellipse. 
The  initial  direction  of  motion  must  bisect  the  external  angle  formed  by  the 
lines  joining  A  and  £  to  the  point  of  projection. 

4.  In  the  same  case,  if  the  particle  be  constrained  to  move  in  the  ellipse, 
find  the  reaction  JR  at  any  point  during  the  motion. 

where  p  is  the  radius  of  curvature  at  the  point. 

5.  If  a  material  particle,  moving  freely  under  the  action  of  gravity,  be  dis- 
turbed by  the  action  of  a  central  force  varying  inversely  as  the  square  of  the 
distance  ;  determine  the  circumstances  of  its  projection  from  a  given  point,  in 
order  that  it  may  describe  a  parabola  in  a  vertical  plane  having  its  focus  at  the 
centre  of  force. 

191.  motion  on  a  Fixed  l§urface. — If  a  particle  be 
constrained  to  move  on  a  smooth  surface,  the  general  equa- 
tions of  motion  are  plainly,  as  in  (1), 

^^^     ^     ,-r  d'u     ^     ,^       ^        d-z     „     ^^ 

m-— =  X+Jy  cos  a.   m  — ^  =  F  +  iv  cosp,  m  -—=  Z+  Jy  cosy, 
df  dt-  dt~ 

where  a,  j3,  7  are  the  direction  angles  of  the  normal  to  the 
surface. 

It  is  obvious  that  in  this  case  also  the  velocity  at  any 
point  is  determined  by  the  equation 

^mv^  =  J  [Xdx  +  Ydy  +  Zdz)  +  const.  (7) 

If  gravity  be  the  sole  acting  force,  and  the  axis  of  z  be 
taken  in  tlie  vertical  direction,  our  equations  may  be  written 

;^  =  ^cosa,  -^  =  iV^cos/3,   —  =  JSroosy-g.      (8) 

When  the  surface  is  one  of  revolution  round  a  vertical 
axis,  the  normal  at  each  point  intersects  that  axis ;  and  if  n 
denote  its  length,  we  have 

cosa=-,    cosp  =  -« 
n  '       u 

Hence  the  two  former  equations  give 
d^u        d^x 

P  2 
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or,  on  integration, 

dy        dx 

where  c  is  a  constant. 

This  equation  shows  that  the  point  of  projection  on  a 
horizontal  plane  describes  equal  areas  in  equal  times  round 
the  point  in  which  the  axis  of  revolution  meets  the  plane. 

192.  Motion  on  a  ISpberical  Surface. — We  shall 
apply  what  precedes  to  the  motion  of  a  particle  under  the 
action  of  gravity  on  a  smooth  sphere.  This  contains  the 
general  question  of  the  motion  of  a  simple  pendulum,  and  is 
called  the  problem  of  the  spherical  pendulum.  Taking  the 
centre  as  origin,  and  the  positive  direction  of  the  axis  of  z 
downwards,  the  equation  of  the  sphere  is 

x^  +  y"^  +  z^  =  a^, 
where  a  is  the  radius. 

Also  the  general  equations  of  motion  may  be  written 

x=N^,  y^N^-,   z  =  N^  +  gy 
a  a  a 

adopting  Newton's  notation  (Art.  23). 

From  the  first  two  equations  we  get,  as  before, 

xy  -yx  =  c,  (9) 

Also,  as  in  (7), 

x'  +  y'-^z'=  Fo'+2^(2-a), 

where  Fo  represents  the  velocity  corresponding  to  2  =  a. 
Again,  differentiating  the  equation  of  the  sphere, 

xx  +  yy  +  zz  =  0,    or    xx  +  yy  =  -  zz. 

If  this  be  squared  and  added  to  (9),  when  also  squared, 
we  get 

{x^  +  y^)  {x'' +  y^)  =c^  +  z^z\ 
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Hence         {a'-z'){Vo'+2g  {z- a) -z'\  =c'  +  z'z\ 

or  aH^  =  {a'  -  z') {  Vo'  +  2g{z-a)}- c\  (10) 

The  subsequent  investigation  is  simplified  by  supposing  Vo  to 
correspond  to  the  lowest  point  in  the  path  of  the  particle ;  for, 
since  the  motion  at  that  point  is  horizontal,  we  have  z  =  0 
when  z  =  a,  and  consequently 

c'  =  {a''-a')Vo'==2gh{a'-a'), 

if  h  be  the  height  to  which  the  velocity  Vo  is  due. 
Substituting  this  value  for  c^  in  (10),  we  get 

a'^z^  =  2g{a-z)  [z"^  +  h  {z  +  a)  -a^j. 

Again,  the  expression  z^  +  h  {z  +  a)  -  a^  may  be  written 
(s-j3)(2  +  7),  where 

.      a^-i3^        ,         a^  +  a/3  .... 

,  =  __,and7  =  ^^.  (11) 

Accordingly 

aV=2^(a-s)(2-/3)(2  +  7); 

rl<? 

therefore     a'z  =  a  —  =  -  y2g{a  -  z)  (s  -  [5)  (2 +^.  (12) 

at 

The  negative  sign  must  be  taken  since  z  diminishes  with  t, 
which  is  reckoned  from  the  instant  the  particle  is  in  its 
lowest  position. 

Also,  when  s  =  /3  we  have  2=0,  and  the  motion  is  again 
horizontal.  It  is  readily  seen  that  during  the  motion  2  must 
lie  between  the  limits  a  and  (5 ;  and  consequently  the  path 
of  the  particle  is  a  tortuous  curve  lying  between  two  horizon- 
tal lesser  circles  on  the  sphere ;  we  accordingly  may  assume 

z  =a  cos^0  +  15  sin^0,  (13) 

and,  substituting  in  (12),  get 

^0 


2a  —■  =  ^/2g  (a  cos'^0  +  /3  sin"^^  +  7J. 
at 
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Hence,  since  ^  =  0  when  0  =  0,  we  have 


t-a  I     '^"-^^)       r  ^^  (14) 


d(f) 

where  A:'  =  ^ — ^  =    „  ",.    .V^ — 5. 

Consequently  the  time  of  motion  depends  on  an  elliptic 
function,  and  is  reducible  to  that  of  the  description  of  a  cor- 
responding arc  in  a  vertical  circle  (Arts.  101,  114). 

Again,  if  T  denote  the  period  of  a  vibration,  that  is,  the  time 
of  motion  from  a  lowest  to  a  consecutive  lowest  position,  we 
have 

~  d(l> 


T-2a   |_lKLW_f^ 


\/l  -  /rsin^<^ 


It  may  be  observed  that  when  a  =^  j3,  we  have  h  =  —^ — , 

and  the  question  reduces  to  that  of  the  conical  pendulum, 
already  considered  in  Art.  112. 

Next  let  ip  be  the  angle  that  the  vertical  plane,  passing 
through  the  centre  and  the  position  of  the  particle  at  any 
instant,  makes  with  the  plane  of  zx,  then  1/  =  x  tan  ip ;  and 
consequently 

di/        dx       „  d  fy\      ,      ^  .  d\L 

dt         dt        dt  \xj  ^  dt 

_-(...,,^  =  («._..)^f.      (15) 


Also  c  =  y2^AK-„^)=   Mg(«'-a')K-m  (16) 

\  a  +/3  ^      ' 

and  the  angle  xf^  is  represented  by  an  elliptic  function  of  the 
third  species,  thus 


Small  Oscillations.  215 

In  the  projection  of  the  path  on  the  horizontal  plane 
through  the  centre,  the  greatest  and  least  distances  from  the 
centre  correspond  to  the  greatest  and  least  values  of  2,  i.  e.  to 
s  =  a  and  z  =  j5.  These  are  called  the  apsidal  distances,  and 
the  corresponding  angle,  the  apsidal  angle  of  the  path.  If  "*? 
be  the  apsidal  angle  its  value  is  represented  by  the  integral 


193.  ilmall  Oscillations. — If  the  particle  make  a  small 
oscillatory  motion  round  the  lowest  point,  we  may,  as  a  first 
approximation,  make  a  =  a,  (5  =  a  in  (14).     This  gives 


k  =  0,  and  t 


=  </>/-.  (19) 


Next,  if  z  =  a  Gos  B,  a  =  a  cos  9o,  (3  =  a  cos  ^1,  the  equa- 
tion 

z  =  a  cos^^  +  P  sin^0 

gives  0^  =  60^  cos'^<^  +  Bi^  sin^/),  neglecting  powers  of  0,  ^0,  ^i 
beyond  the  second. 

Also  (16)  gives  in  this  case 

c  =  a^'BoB,f~; 
\a 

.*.  by  (15),  we  have 

#  ^  Wi  jl^  BoB,  fl 

dt        B'  \la      0o'cos'0  +  6/i'sin^^Va* 

Consequently,  by  (19), 

dip  BoBy 

dcf)      Bo  cos^0  +  Bx^  sin^^' 
Hence,  by  integration, 

tan  4'  ^  K  t^^  0> 
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sin  \li      0,  sin  <p 


or 

hence  we  have 


cos  \p      Oo  cos  <p ' 

.     .      Oi  sin  0 
sin  i/.  =  — ^, 


-  ,     00  cos  4> 

and  cos  ;/>  =  — 7. — .     • 

a 

Moreover,  to  the  same  degree  of  approximation,  we  have 

X  =  aO  cos\p,    y  =  a  0  sin ;// ; 
accordingly, 

x  =  a9oQOs<l>,    y  =  aOi  sin  ^ ; 

•••   g^  •&=«'•         ■      (^«) 

This  shows  that  the  horizontal  projection  of  the  path  is, 
approximately,  an  ellipse,  whose  semiaxes  are  uQq  and  adi. 

The  next  approximation  is  given  in  the  following 
examples. 

The  general  problem  of  the  spherical  pendulum  appears 
to  have  been  first  fully  discussed  by  Lagrange :  see  Mec. 
Anal.y  t.  2,  sect.  8. 

Examples. 

1.  If  a  particle  perform  small  oscillations  about  the  lowest  point  on  a  sphere, 
investigate  its  motion  to  an  approximation  of  the  second  order. 

It  is  here  more  convenient  to  transfer  the  origin  to  the  lowest  point  on  the 
sphere,  and  to  take  the  positive  direction  of  z  upwards.  Accordingly,  we  sub- 
stitute   z  =  a-z\     a  =  a  —  a,     fi  =  a  —  fi\     when  equation  (12)  becomes 
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Hence,  removing  the  accents,  we  get 

dz 


ffJ<^J{z-a)($-z)(l  -  —  + ^ V 

^\^     «AP       ;^A       2a^  2a{2a-a-fi)) 

where  j8  and  o  represent  the  distances  of  tlie  highest  and  lowest  points  in  the 
path  from  the  plane  of  xy. 

Again,  if  a  and  ;8  be  both  so  small  that  their  higher  powers  may  be  neglected, 
we  obtain 


^JaV(2-a)()8-ir)       8V^aJaV(z-a)()8-z)' 

z 
neglecting  the  subsequent  terms,  since  —  is  a  very  small  fraction. 

Hence,  if  «  =  a  cos'^  +  fi  sin^^,  we  get 

r        1    f"^ 

t=    l-<t>+ =      (a  cos-(^  +  )8  sin2</))  (^0 

yff  4:^  agio 

Consequently,  if  T  be  the  whole  time  of  motion  from  one  lowest  position  to  a 
consecutive  one,  we  get 


-"^J:!-^)- 


Again,  to  find  the  apsidal  angle  to  the  same  degree  of  approximation. 
Transforming  the  origin  in  equation  (16)  to  the  lowest  position,  we  readily 
obtain 


'^  =  «v'a)3 


(..-,^,-,(«-,(x-£,^) 
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Hence,  since  as  before  we  may  take 

2a  -  o  -  )8  1 


we  get 


(2(?  -  o)  (2a  -  )8)      2a 

J/  =  aiV2^|    %===z 

Ja(2a-z)^zV(2-a)()8- 

./«•  'r.'Jlc.  —    n\  IR  —  7.\ 


z-s/{z-a){^-z) 


neglecting  the  subsequent  terms  as  before. 
Substituting  a  cos^^  +  ^8  sin^^  for  z,  we  obtain 


r>(^^tan,) 


SVaiS 


,|.  =  tan-M  J-tan^,)  +4— <?. 

Hence,  taking  ^  between  the  limits  0  and  -^j  the  apsidal  angle  is  given,  ap- 
proximately, by  the  equation 

3  Va)8' 


2  V        4     a    / 


This  shows  that  in  the  approximate  elliptic  path  the  apse  continually  progresses. 
Again,  if  ^,  q  denote  the  small  apsidal  distances,  or  the  semidiameters  of  the 
approximate  elliptic  path,  we  get 


2  V        8  «-  / 


Accordingly,  the  rate  of  progression  of  the  apse  varies  approximately  as  the 
area  of  the  projection  of  the  path. 

2.  Prove  that  the  pressure  on  the  sphere  is  given  by  the  equation 

iV^=  *"^  I  Zz  -  -^  (a^  +  a/3  +  )32  -  a^) 
a     {  a  +  P 

3.  If  a  particle  be  projected  with  a  given  velocity  along  the  horizontal  great 
circle  of  a  smooth  hollow  sphere,  find  at  what  point  its  vertical  velocity  will  be 
greatest. 

Ans.    z  = ,  h  being  the  height  due  to  the  velocity  of  projection. 
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4.  A  particle  is  projected  horizontally  along  the  interior  surface  of  a  fixed 
smooth  hemisphere,  the  axis  of  which  is  vertical,  and  vertex  downwards.  Given 
the  point  of  projection,  determine  the  velocity  so  that  the  particle  may  ascend 
exactly  to  the  rim  of  the  hemisphere.  /2^ 

Ans.     a    /-1-. 
\  a 

5.  If  a  particle  move  on  the  interior  surface  of  a  paraboloid  of  revolution^ 
whose  axis  is  vertical,  prove  that  the  velocity  at  the  highest  point  in  the  path 
is  that  due  to  the  height  of  the  lowest  point  above  the  vertex  of  the  paraboloid ; 
and  similarly  for  the  velocity  at  the  lowest  point. 

6.  In  the  last  question  show  that  the  pressure  at  any  point  F  varies  as  the 
curvature  of  the  meridian  at  that  point ;  and  that  the  resolved  vertical  pressure 
is  to  the  weight  of  the  particle  as  SL  x  SM:  SF^,  where  Z  and  Mare  the  highest 
and  lowest  points  of  the  path,  and  S  the  focus. 

Section  II. — Rectilinear  Motion  in  a  Resisting  Medium. 

194.  If  a  mass  m  be  supposed  to  move  in  a  straight  line, 
without  rotation,  in  a  resisting  medium,  the  resistance  is  a 
function  of  the  velocity  of  the  body.  If  the  resistance  be 
represented  by  0  (t'),  the  equation  of  motion  becomes 

dv      ^        /  N 

where  -Fis  the  external  force  acting  along  the  right  line. 

It  is   usual  to  assume,   with  Newton,    that  (p  (v)  =  fiv^, 
where  ju  is  a  constant  depending  on  the  density  of  the  me- 
dium and  on  the  area  [S]  oi  the  greatest  section  of  the  body 
taken  perpendicular  to  the  direction  of  motion. 
Hence  we  get 

dv 


=  F-  iuv\ 

If 

we  suppose 

F  constant, 

and  make 

F 

=  ^n 

we 

get 

dv 
""'di^ 

^(V'-v'] 

(1) 

(2) 

If  the  initial  velocity  be  less  than  V,  it  is  obvious  that  the 
velocity  increases  so  long  as  it  is  less  than  V :  this  gives  V 
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as  the  limit  to  which  the  velocity  approaches.     For  this  rea- 
son V  is  called  the  terminal  velocity  of  the  body. 

Also,  since         1  1(1  1 


2v\v+v  "^  V-vj' 


the  preceding  equation  gives 

^      mV'       fV+v\  ._. 

No  constant  is  added  since  we  suppose  t  reckoned  from 
the  position  of  rest. 

Equation  (3)  shows  that,  while  v  increases  with  t,  yet 
when  V  =  Vwe  should  have  t  =  co  .  Accordingly  the  body 
requires  an  infinite  time  before  arriving  at  its  terminal  ve- 
locity. 

195.  ITertical  motion. — One  of  the  most  important  cases 
is  that  of  a  body  falling  vertically  in  a  resisting  medium. 
In  this  case  F  =  mg,  and  equation  (3)  becomes 

V-^v       ^ 
This  gives  -— —  =  e^. 

V-v 

"  V 


Hence  v  =  F^^,-^  =  Ftanh  ^  •  (5) 

Again,  since  v 


6^^+  e  "" 
dx 


dV 

we  get  X  =  —  log  [  — 

when  X  is  measured  from  the  position  of  rest. 
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This  may  be  written  in  the  form 

X  =  —  lofir  cosh  -==  (6) 

g  V  ^  ^ 

Again  we  may  write  jjl  =  AS,  where  ^  is  a  constant  de- 
pending on  the  density  of  the  medium. 
Hence  from  (1)  we  get 


~ylfM   ~^AS' 


(7) 


where  W  denotes  the  weight  of  the  body. 

This  shows  that,  W  remaining  the  same,  the  value  of  V 
can  be  increased  by  diminishing  the  area  of  the  transverse 
section. 

In  the  case  of  a  homogeneous  sphere  of  radius  r,  we  have 
W'=  ^nr^Pf  where  /;  is  the  weight  of  a  unit  of  volume ;  also 
8  =  nr^ ;  therefore 


^  ~yl3A 


Hence  we  see  that  for  spheres  of  the  same  density  that  of  the 
greater  radius  has  the  greater  terminal  velocity,  and  we  can 
readily  compare  the  vertical  motions  of  diJBferent  spheres  in 
the  same  resisting  medium. 

Next,  for  a  body  projected  vertically  upwards  in  a  resist- 
ing medium  the  equation  of  motion  is 


whence  dt  = 


Accordingly,  if  Vo  be  the  initial  velocity,  we  find 

t  =  —  {  tan"^  -^  -  tan"^  rrp 
9\V  V_ 
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From  this  equation  the  velocity  at  any  instant  can  be  de- 
termined. 

Also,  since  ?;  =  0  at  the  highest  point,  the  time  of  ascent 

V  Vo 

to  that  point  is  represented  by  —  tan"^  -j^. 

V^     vdv 
Again  ax  =  - 


v"  +  V 


Hence,  if  x  be  measured  upwards  from  the  point  of  projec- 
tion, we  have 

If  h  be  the  height  of  ascent,  we  get 

If  the  time  t  be  reckoned  from  the  instant  at  which  the 
body  is  at  its  highest  point,  we  have 

t;=Ftan|^.  (9) 

The  downward  motion  is  given  by  the  former  investigation. 
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Examples. 

1.  Find  a  vertical  curve  such  that  the  time  of  describing  any  arc,  measured 
from  a  fixed  point,  shall  be  equal  to  that  of  describing  the  chord  of  the  arc. 

Taking  the  origin  at  the  fixed  point,  the  time  down  a  chord  r,  whose  incli- 
nation to  the  vertical  is  0,  as  in  Art.  46,  is 


I 


2r 


Also  the  time  of  descending  the  arc  is 


V2(7  *"  ^°      Vr  cos  e 

where  Oq  is  the  value  of  Q  when  r  =  0. 

Hence,  since  the  times  are  the  same  for  all  chords,  we  get,  by  differentiation, 

dr 

r  sin  9  +  cos  Q  — 

ad 


COS  9 


J- (I)- 


This  gives  -  —  =  cot  20  ; 

r  ad 

hence  we  get  r"^  —  d^  sin  20, 

where  a  is  a  constant.     Accordingly  the  curve  is  a  Lemniscate. 

2.  Investigate  the  corresponding  problem  when  the  acting  force  is  propor- 
tional to  the  distance  from  a  fixed  point. 

Let  A  be  the  position  of  the  fixed  point,  0  the  point  of  departure  of  the  par- 
ticle, P  its  position  at  any  instant,  0  =  Z.  POA,  OA  =  a ;  then  we  find,  without 
difficulty,  that  the  time  ^i,  of  describing  OF,  when  the  absolute  force  is  taken  as 
unity,  is  given  by 


r  —  a  cos  9      IT 


+ 


■  a  cos,  9  2 

Also  the  time  of  describing  the  arc  OF  is 


^2  =  J 

Hence,  since  tx  =  <2,  we  have 


[>/-Gt)' 


V'2ar  cos  9  -  r 


d9. 


, ,  d       .    .r-acos9\  ,      /dry 

V2ar  cos  0  -  r2  —     sm-^ —     =  Jr^+  [-r.]  ; 

d9  \  a  cos  9    /       \  \d9 
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therefore  _  +  ^  tan^  =  ^  r^  +  (^-j  ; 

from  whicli  we  get  r^  =  a^  sin  20.  This  represents  a  lemniscate  also,  as  in  the 
previous  question. 

3.  If  the  motion  of  a  conical  pendulum  be  slightly  disturbed,  prove  that  the 
period  of  a  vibration  is  -— =z=r-  ^/-,  and  the  corresponding  apsidal  angle 

TT  ',  where  b  is  the  distance  from  the  centre  to  the  plane  of  the  conical 

pendulum. 

4.  A  particle  is  projected  from  a  given  point  in  a  horizontal  direction  along 
the  surface  of  a  smooth  sphere  ;  find  the  velocity  of  projection  in  order  that  the 
particle  should  rise  to  a  given  height  on  the  surface  before  commencing  to 
descend. 

5.  A  particle  is  constrained  to  move  in  a  smooth  circle,  under  the  action  of  a 
central  force  which  varies  directly  as  the  distance.  If  the  time  of  describing 
any  arc  be  constant,  prove  that  its  chord  envelops  a  circle. 

Townsend,  Educ.  Times,  1876. 

6.  If  a  particle  describe  a  curve  freely  under  the  combined  action  of  the 
forces  F,  F'y  &c.,  where  F,  F\  &c.,  act  along  r,  r',  &c.,  prove  that  the 
equation 

must  be  satisfied  at  every  point  of  the  curve,  where  <p,  <p',  &c.,  denote  the  forces 
respectively  co- directional  with  F,  F',  &c.,  under  which  singly  the  given  curve 
would  be  described;  and  7,  7',  &c.,  are  the  corresponding  semichords  of  the 
circle  of  curvature  at  the  point. 

Curtis,  Messenger  of  Mathematics,  1880. 

Here,  it  is  easily  seen  by  equation  (25),  Art.  162,  that 

v^  =  Fy+F'y'  -^  &c. 

Also,  by  (13),  Art.  160,         vdv  =  -  Fdr  -  F'dr'  -  &c. 

Hence  2  {Fdy  +  ydF)  +  2^Fdr  =  0, 

or  2  {F{dy  +  2dr)  +  ydF }  =  0. 

Hence,  in  particular,  we  have 

(p  {dy  +  2dr)  +  yd(f>  =  0,  &c. 

dy  +  2dr      -  d(l> 


7 


&c. ; 


This  theorem  plainly  contains  as  a  particular  case  that  given  in  Art.  190. 
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7.  Apply  the  preceding  to  the  case  of  a  conic  described  under  the  action  of 
forces,  Ff  F',  directed  to  its  foci. 

Here  <^=^,     </,=-,     7  =  7; 

therefore  -r  -r  ( ^^'^)  <^^  +  -tt.  -n  (-?"  ^^)  dr  =  0 , 

r^  dr  r  ^  dr 


or,  since  dr  +  dr'  =  0, 


This  is  satisfied  by  the  equations 

^^AFr^)=Mr)+M2a-r), 

where /i  and/2  are  both  arbitrary  functions. 

If  we  assign  the  same  form  (/)  to  /i  and  /2,  we  ^[obtain  as  a  particular 
solution 

^  =  ^  i" ''^iA'')  +/(2«  -  r) }  dr,  &c. 

If  any  particular  form  be  assigned  to/,  a  corresponding  form  of  J^,  as  also 
of  F',  will  result. 

8.  As  an  example  of  the  preceding,  show  that  a  particle  can  be  made  to  de- 
scribe an  ellipse  freely  under  the  action  of  forces, 

directed  to  its  foci. 

The  student  is  referred  to  Prof essor  Curtis'  Paper  for  additional  applications. 

9.  A  spherical  particle  moves  within  a  smooth  rectilinear  tube,  which  re- 
volves about  one  extremity  with  a  uniform  angular  velocity  in  a  horizontal 
plane  ;  find  the  motion  of  the  pai-ticle. 

Let  w  be  the  angular  velocity  of  the  tube,  and  r  the  distance  of  the  particle, 
at  any  time  t,  from  the  fixed  extremity  of  the  tube  ;  then,  since  the  force  acting 
on  the  particle  is  always  perpendicular  to  r,  we  have  (Art.  28), 


— -  -  r  f  —  1  =  0,      or      — r-  -  vT'r  =  0. 
df^  \dt)         '  df^ 
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dr 
Hence  r  =  ce<^*  +  cV-«^     If  r  =  a,  and  ^  =  *>  when  ^  =  0,  we  get 

2«r  =  {aw  +  b)  c^*  +  («w  -  h)  «-"'. 

10.  Consider  tlie  same  problem  if  the  tube  be  supposed  to  revolve  uniformly 
in  a  vertical  plane. 

Here,  if  the  time  be  reckoned  from  the  instant  that  the  tube  was  horizontal, 
the  equation  of  motion  is 

The  integral  of  this  is 

r  =  Cfew«  +  (7'r"«  +  -~  sin  a>^, 

and  the  constants  can  be  determined  from  the  initial  conditions. 

11.  Two  spheres  of  the  same  diameter,  but  of  different  weights,  fall  freely 
in  air ;  find  the  ratio  of  the  maximum  velocities  they  will  attain,  stating  clearly 
what  assumptions  you  make.  Lond.  Univ.,  \%^l. 

12.  Explain  what  is  meant  by  the  terminal  velocity  of  a  body  in  a  resisting 
medium. 

If  the  resistance  vary  as  the  square  of  the  velocity  and  the  body  move  in  a 
vertical  line,  prove  that  at  the  time  t,  reckoned  from  the  instant  oi  which  the 
body  is  at  its  highest  position,  its  depth  x  below  this  position  is  given  by 

w^  gt 

X  =  —  loff  sec  — , 
g  « 

when  ascending,  and  by 

0)2  .  ,  gt 

x  =  —  log  cosh  — , 
g  o 

when  descending ;  w  denoting  the  terminal  velocity  in  the  medium. 

Lond.  Univ.,  1883. 

13.  If  a  body  be  projected  vertically  upwards  in  a  resisting  medium  with  its 
terminal  velocity  for  the  medium,  determine  the  height  of  its  ascent,  and  the 
time  of  reaching  the  highest  point. 

Prove  that,  if  an  engine  can  pull  a  train  of  W  tons  at  a  velocity  V  on  the 
level,  against  resistances  varying  as  the  square  of  the  velocity,  the  engine  exert- 
ing a  constant  pull  of  P tons:  then  up  an  incline  a  to  the  horizon  the  maximum 
velocity  will  fall  to  FV(1  -  iFsinaj  F),  and  that  down  the  incline  without 
steam  the  terminal  velocity  is  FV(  ^Tsino  j  F). 

Prove  that,  if  on  a  long  railway  journey,  performed  with  average  velocity  V, 
the  actual  velocity  v  varies  from  its  mean  value  by  a  periodic  function  of  the 
time,  say  v  -  V+Usinnt,  the  average  horse-power  and  consumption  of  fuel  is 
to  that  required  to  take  the  train  vtdth  uniform  velocity  V  as 

1  +  I  Z72  /  r2  :  1. 

Lond.  Univ.,  1887. 
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CHAPTER  IX. 

THE  GENERAL  DYNAMICAL  PRINCIPLES. 

196.  D'AIembert's  Principle. — If  a  system  of  mate- 
rial points  connected  together  in  any  way,  and  subject  to  any 
constraints,  be  in  motion  under  the  influence  of  any  forces, 
each  point  of  the  system  has  at  any  instant  a  certain  accele- 
ration. If  now  to  each  point  an  acceleration  were  applied 
«qual  and  opposite  to  its  actual  acceleration,  the  velocities  of 
all  the  points  of  the  system  would  become  constant — in  other 
words,  each  point  would  move  as  if  free  and  unacted  on  by 
any  force  whatever ;  that  is,  the  applied  accelerations,  the 
external  forces,  and  the  constraints  and  mutual  or  internal 
forces  of  the  system,  would  equilibrate  each  other. 

Stated  in  algebraical  language,  the  principle  which  is 
given  above  may  be  enunciated  as  follows : — If  the  coordi- 
nates of  any  particle  m  of  a  material  system  be  x,  y,  z,  and 
the  external  forces  there  applied  X,  Y,  Z\  the  system  of 
forces, 

d'^x,  d'^y,  d'^z, 

^^-^^"^'      ^^-^^-5^'      ^^-^^^' 


d'^Xr,  d'^y^  d'zz   ^ 

acting  at  the  points  XiyiZ^y  x^y^z^,  &c.,  will  be  in  equili- 
brium, in  virtue  of  the  constraints  and  mutual  reactions  of 
the  system. 

The  force  whose  components  are  -  m  ^-r,  - m -r^,  -m-A 

df^  dt^  df^ 

is  called  the  force  of  inertia  of  the  mass  m,  and  D'Alembert's 

Principle  (as  stated  in  Article  71)  simply  expresses  that — 

The  applied  forces  and  the  forces  of  inertia  in  any  system  are 
in  equilibrium. 

q2 
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In  applying  D'Alembert's  Principle,  we  may,  as  in  Statics, 
consider  the  constraints  of  the  system  either  as  geometrical 
conditions,  or  else  substitute  for  them  unknown  forces.  In 
the  algebraical  statement  Just  given,  the  former  plan  has 
been  adopted ;  but  if  we  choose  to  adopt  the  latter,  we  have 
merely  to  make  X,  Z,  Z,  &c.,  include  not  only  the  applied 
forces,  but  also  the  stresses  arising  from  the  constraints. 

If  the  Statical  Principle  of  Virtual  Velocities  be  employed, 
we  have  for  D'Alembert's  Principle  the  concise  mode  of 
expression  given  by  Lagrange  in  his  M^canique  Analytiqtiey 
viz. : — 

.|(x-.g)a..(r-»g)...(^-.g).fo.(i) 

This  equation  may  also  be  written 

Sw  {xdx  +  yhj  +  z'Bz)  =  S  [X^x  +  Y^y  +  ZSs),      (2) 

a  form  which  is  often  more  convenient  than  (1). 

If  the  forces  X,  Y,  Z,  &c.,  constitute  a  conservative 
system,  Art.  124,  we  may  write 

S(Xg.r+  Yhj^-Z^z)  =  SY, 

and  (2)  becomes  in  this  case 

Sw  (x^x  +  y^  +  z^z)  =  SY.  (3) 

197.  D'Alembert's    Principle    for    Impulses. — As 

has  been  stated  already  in  Article  66,  an  Impulsive  or  In- 
stantaneous Force  is  a  force  which  produces  a  finite  change 
of  velocity  in  a  time  so  short  that  in  it  no  sensible  change 
of  velocity  is  produced  by  the  action  of  the  forces  which  are 
not  impulsive.  If  the  constraints  and  connections  of  a  system 
be  regarded  as  giving  rise  to  forces,  these  forces  may  be  im- 
pulsive or  not,  according  to  the  nature  of  the  constraint.  For 
example,  a  blow  given  to  a  body  which  is  resting  on  an  im- 
movable surface  produces  an  impulsive  reaction,  provided  the 
blow  is  not  tangential  to  the  surface  ;  but  a  sudden  jerk  to  a 
body  attached  to  the  end  of  an  extensible  elastic  string  pro- 
duces no  impulsive  reaction.     It  is  important  to  observe  that 
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each  point  of  the  system  may  be  regarded  as  occupying  the 
same  position  in  space  at  the  end  as  at  the  beginning  of  the 
time  during  which  the  impulsive  forces  have  acted.  In  other 
words,  the  velocities  of  the  various  points  may  change  by  a 
finite  amount,  but  the  positions  can  only  change  by  an  infi- 
nitely small  amount  during  the  time  under  consideration. 

If  u\  /,  10  be  the  components  of  the  velocity  of  any 
point,  whose  coordinates  are  x,  y,  s,  before  the  action  of  the 
impulsive  forces;  and  «,  v,  ^v  the  corresponding  velocities 
after  their  action ;  and  X^  Y,  Z  be  the  components  of  the  im- 
pulse which  has  acted  at  this  point,  D'Alembert's  Principle 
as  applied  to  impulsive  forces  may  be  expressed  in  the  form — 

^m[[u - u')lx  +  («7  - v') ly-\-(w-  w')  l%\=  S  [Xlx^  Tdy  +  Z^z). 

(4) 

The  truth  of  the  Principle  in  the  present  case  can  be 
established  by  reasoning  similar  to  that  employed  in  the 
preceding  Article. 

It  may  also  be  derived  from  the  Principle  applied  to 
continuous  forces,  by  considering  the  impulsive  forces  as 
continuous  forces  of  great  magnitude  acting  for  a  very  short 
time.     In  fact,  if  we  multiply  the  equation 

by  dt,  and  integrate  between  the  limits  t  and  t'\  if  the  interval 
^  -  ^'  be  sufficiently  short,  the  system  has  not  sensibly  altered 
its  position,  and  therefore  ^x,  &c.,  are  the  same  at  the  end  of 
the  time  as  at  the  beginning,  and  we  have 


Now,  if  X  be  the  component  of  a  continuous  force,      Xdt 

is  insensible;  and  if  Xbe  the  component  of  an  impulsive  force, 
Xdt  is  the  component  of  the  impulse  along  the  axis  of  ar, 
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which  may  be  denoted  by  X ;  hence,  as 

dx  (dxV      , 

we  immediately  obtain  equation  (4). 

198.  Initial  Motion. — If  a  system  start  from  rest 
under  the  action  of  given  impulses,  equation  (4),  Art.  197, 
becomes 

2w  [uU  +  v^  +  ivlz)  =  2  {X^x  +  Ydij  +  Zdz),       (5) 

where  u,  v,  iv  are  the  components  of  the  initial  velocity  of  the 
point  xyz.  Now  as  ^x,  Sy,  ^z  are  any  arbitrary  displacements 
of  this  point,  consistent  with  the  conditions  of  the  system,  we 
may,  if  the  equations  of  condition  do  not  involve  the  time 
explicitly,  substitute  for  ^x,  8y,  ^z  the  actual  displacements  of 
the  point  (see  Art.  200).  Hence,  as  actual  displacements 
when  divided  by  the  element  of  time  become  velocities,  we 
may  substitute  for  ^x,  ^y,  ^z  the  components  u\  v\  w,  of  the 
velocity  of  xyz  in  any  actual  motion  of  the  system.  Thus  we 
obtain 

Sm  {uu'  +  vv'  +  tvw')  -  S  {Xtc  +  Yv'  +  Zw').         (6) 

Examples. 

1,  If  the  same  system  be  set  in  motion  successively  by  two  different  im- 
pulses applied  at  the  same  point,  each  impulse  is  proportional  to  the  velocity  in 
the  direction  of  the  other  which  it  imparts  to  its  point  of  application. 

Let  these  velocities  be  q  and  p',  and  let  X,  Y,  Z ;  X',  Y',  Z'  be  the  compo- 
nents of  ihe  impulses  P  and  Q,  and  w,  v,  w  ;  u',  v',  w'  the  components  of  the 
initial  velocities  of  the  point  of  application,  then, 

Xu'  +  Yv'  +  Zw'  =  '2,m{uu'  +  vv'  +  ww')  =  X'u  +  Y'v  +  Z'w  ; 

but  Fp'  =  Xu'  +  Yv'  +  Zw\     and     Qq  =  X'u  +  Y'v  +  Z'w, 

whence  P  :  Q  ::  q  :  p'. 

2.  In  any  system  at  rest,  if  we  suppose  an  impulse  P  applied  at  a  point  A, 
and  an  impulse  P'  applied  at  a  point  £ ;  prove  that 

P:  P'=-v  :v', 

where  v  is  the  component,  in  the  direction  of  P',  of  the  velocity  of  the  point  B 
due  to  the  impulse  P ;  and  v'  is  the  similar  component  of  velocity  of  the 
point  A. 
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199.  Energy  of  Initial  Motion.— If  T  be  the  initial 
kinetic  energy  of  a  system  set  in  motion  by  given  impulses, 
by  substituting  u,  v,  w  for  Ecc,  Sy,  Ez  (in  5)  we  obtain 

2T=  2m  {u"  +  v''  +  tv'')  =  2  {Xu  +  Yv  +  Zic).         (7) 

Bertrand's  Theorem* — If  a  system  start  from  rest  under 
the  action  of  given  impulses,  every  additional  constraint 
diminishes  the  initial  kinetic  energy. 

Let  u\  v\  id  be  the  initial  velocities  of  the  point  xyz  under 
the  action  of  the  given  impulses  when  the  additional  con- 
straints are  imposed ;  and  w,  v^  tv  the  initial  velocities  when 
the  system  is  free  from  these  constraints,  then,  u'dt,  vdty  wdt 
are  possible  displacements  in  the  unconstrained  as  well  as  in 
the  constrained  system.  Hence,  substituting  u\  v\  w  for 
Ex,  Sy,  cz  in  equation  (5)  we  obtain 

2m  {uu'  +  vv  +  ww')  =  2  [Xu  +  Tv  +  Zw). 

But,  by  (7),     2m  {u''  +  v''  +  w'')  =  2  [Xu'  +  Yv'  +  Ziv') ; 
thus  we  have 

2m  { [u  -  u'Y  +  {v-  v'y  +[10-  w'y}  =  2m  [tir  +  v^  +  ii^) 

-  22m  [uu'  +  vv'  +  ww)  +  2m  [u"^  +  v''^  +  w^) 

=  2r  -  4r  +  2r  =  2r  -  2r.  (8) 

Hence,  we  see  that  the  energy  of  the  unconstrained 
exceeds  that  of  the  constrained  motion  by  the  energy  of  the 
motion  which  must  be  combined  with  either  to  produce  the 
other. 

Thomson^s  Theorem.f — If  impulses  are  applied  only  at 
points  where  the  velocities  are  prescribed,  additional  con- 
straints increase  the  initial  kinetic  energy. 

Here,  when  additional  constraints  are  imposed,  the  im- 
pulses are  supposed  to  be  altered  in  such  a  manner  as  still 
to  produce  the  prescribed  velocities  in  the  assigned  points ; 
then,  u\  V,  id  being,  as  before,  the  velocities  belonging  to  the 
constrained  motion,  we  have,  since  in  the  present  case  the 


*  Ziouville,  tome  septieme  (1842),  p.  165. 

t  Proceedings  of  Eoyal  Society  of  Edinburgh,  April,  1863. 
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velocity  of  every  point  at  which  an  impulse  acts  is  sup- 
posed to  remain  unaltered, 

S(Xw'+  Yv'+Zw')  =  S(Xw  +  Yv+Zw)  =  2T. 

Hence  by  (6)  we  obtain 

Sm  j  [u'  -  uf  +  (/  -  vY  +  {w  -wy}=2r-  2T,     (9) 

and  therefore  T  exceeds  T  by  the  energy  of  the  additional 
motion. 

Examples. 

1.  A  system  is  set  in  motion  by  an  impulse  whicli  is  measured  by  the 
momentum  of  a  mass  of  60  lbs.  moving  with  a  velocity  of  24  feet  per  second. 
The  impulse  imparts  to  its  point  of  application  a  velocity  of  8  feet  per  second  in 
a  direction  inclined  to  that  of  the  impulse  at  an  angle  of  60°.  Find  in  foot 
pounds  the  initial  kinetic  energy  of  the  system.  Ans.  90. 

2.  If  the  initial  velocities  of  certain  points  of  a  system  be  given,  prove  that 
its  initial  kinetic  energy  is  least  when  the  system  is  set  in  motion  by  impulses 
passing  through  these  points. 

200.  Equation  of  Vis  Tiva.— A  first  integral  of  the 
equations  of  motion  can  very  frequently  be  obtained  directly 
from  D'Alembert's  Principle,  as  follows  : — 

.j(x-„^f)8„(r-,.g).>.(z-S),.)  =  o, 

where  ^x,  cy,  Sz,  &c.  are  arbitrary  displacements  consistent 
with  the  conditions  of  the  system.  If  the  equations  of  con- 
dition do  not  contain  the  time  explicitly,  dx  (the  actual 
movement  of  the  point  along  the  axis  of  x  during  an  infinitely 
short  time)  is  always  a  value  which  may  be  legitimately 
assigned  to  ^x ;  for  the  fact  that  it  is  an  actual  displacement 
shows  that  it  is  consistent  with  the  equations  of  condition, 
and  therefore  j)Ossible,  provided  these  equations  do  not  alter 
with  the  time  ;  that  is,  do  not  contain  the  time  explicitly.  If 
they  contain  the  time  explicitly,  dx  is  not  in  general  a 
possible  value  of  dx.  In  fact,  U  =  0  being  an  equation  of 
condition,  if  J7  is  a  function  of  the  coordinates  simply,  Bx 
and  dx  must  satisfy  the  same  equation,  viz., 

dU^  dU  ^  p  ^ 
—-  Sx  +  ---Sy  +  &G.  =  0. 
dx  ay 
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If,  however,  U  contains  t  explicitly,  hx  has  to  satisfy  the 
-equation 

~S^  +  &c.  =  0, 
dx 

where  t  is  treated  as  constant;   but  dx  has  to  satisfy  the 

equation 

dU  .       _         dU.^      . 
-r-  dx  +  &G.  +  —-  dt  =  0. 
dx  dt 

This  is  so,  because  dx  is  the  interval  between  two  successive 
positions  of  a  point,  at  consecutive  instants  of  time ;  whereas 
^x  is  the  interval  between  two  simultaneous  infinitely  near 
possible  positions  of  the  point. 

In  the  great  majority  of  problems  dx  is  a  possible  value 
of  ^x]  and  the  same  holds  for  the  other  displacements. 
Assuming  then  that  the  transformation  is  legitimate,  let  us 
assign  to  ^x,  ^y,  &c.  the  values  dx,  dy,  &c. ;  D'Alembert's 
-equation  becomes  then 

^m{^^dx  +  g^y  +  g  dz\  =  ^{Xdx  +  Ydy  +  Zdz). 

Integrating,  we  have 

where  c  is  an  arbitrary  constant. 

This  equation  is  called  the  equation  of  vis  viva. 

If  we  denote  the  vis  viva  at  any  particular  time  t'  by 
Sm?;'^,  the  equation  above  may  be  written — 

2m«;^  -  ^mv'^  =  2S  J  [Xdx  +  Ydy  +  Zdz),         (11) 

where  the  right-hand  side  is  twice  the  work  done  by  the 
forces  in  passing  from  the  position  occupied  at  the  time  f  to 
the  position  occupied  at  the  time  t.  For  a  conservative 
system  (11)  becomes 

T-  T'==r  -Y.  (12) 

If  there  be  no  forces  acting  on  the  system  its  vis  viva 
remains  constant. 
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The  equation  of  vis  viva  has  been  already  obtained  for  a 
rigid  body  in  a  diffen3nt  manner  in  Article  132. 

The  equation  of  vis  viva  is  one  of  the  most  important  in 
Dynamics,  and  is  to  a  great  extent  the  foundation  of  the 
Theory  of  Energy.  It  will  be  more  fully  considered  in  a 
future  chapter. 

201.  Of  tbe  Forces  which  enter  the  equation  ot 
Vis  Viva. — From  the  mode  in  which  the  equation  of  vis  viva 
has  been  deduced  from  D'Alembert's  Principle,  it  is  plain 
that  in  the  case  of  a  rigid  body  the  right-hand  side  contains 
only  the  applied  forces,  and  that  reactions  by  which  geome- 
trical conditions  may  be  replaced  do  not  enter  therein.  The 
reactions  of  fixed  points,  fixed  surfaces,  &c.,  are  thus  ex- 
cluded :  and  further,  if  during  the  motion  the  direction  of  a 
force  be  at  each  instant  at  right  angles  to  the  line  in  which 
its  point  of  application  is  moving,  such  a  force  does  not  enter 
the  equation  of  vis  viva  (Art.  122). 

When  two  surfaces  roll  on  one  another  without  slipping, 
the  relative  tangential  displacement  of  the  two  points  in  con- 
tact is  zero.  Now,  if  F  be  the  tangential  force  of  friction 
developed  between  them,  the  element  of  work  done  by  F  on 
one  body  is  Fdfi,  and  that  done  on  the  other  is  -  Fdf-i,  df^  and 
^2  being  the  projections  on  the  direction  of  jPof  the  small 
motions  of  the  two  points  in  contact.  Hence  the  whole  work 
done  by  the  tangential  friction  is  F(dfx  -  df^  ;  but  dfi  -  dfz 
is  the  relative  tangential  displacement  of  the  points  of  the 
surfaces  which  are  in  contact.  Hence  the  whole  work  done 
by  the  tangential  force  of  friction  in  pure  rolling  is  zero,  or 
this  force  in  the  case  supposed  has  no  eifect  on  the  equation 
of  vis  viva.  If  one  of  the  surfaces  be  fixed,  a  similar  result 
obviously  holds  good. 

When  two  surfaces  are  in  permanent  contact,  the  normal 
reaction  between  them  never  enters  the  equation  of  vis  viva. 
For,  if  the  motion  be  pure  slipping,  the  relative  velocity  of 
the  points  of  application  of  the  mutual  reaction  is  altogether 
tangential.  If  the  motion  be  either  rolling  and  slipping,  or 
pure  rolling,  the  relative  normal  velocity  of  the  points  in 
contact  is  still  zero,  or  at  least  infinitely  small,  and  the  rela- 
tive normal  displacement  is  an  infinitely  small  quantity  of 
the  second  order ;  that  is,  drx  -  dr^  =  0,  where  drx  and  dr-i  are 
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the  projections  on  the  common  normal  of  the  small  motions- 
of  the  points  in  contact.  Hence  R{dri  -  dr^,  which  is  the 
whole  work  done  by  the  mutual  normal  reaction,  is  equal  to 
zero. 

The  work  done  in  the  element  of  time  by  a  mutual  force 
between  two  bodies  is  always  of  the  form  R  [dr\  -  dr^) ,  where 

-T^  and  -^  are  the  velocities,  in  the  direction  of  the  joining 
dt  ctt 

line,  of  the  points  between  which  the  force  R  acts.     If  r  be 

the  distance  between  these   points,  the  work  done  by  the 

mutual  action  is  therefore  Rdr, 

If  R  tends  to  increase  the  relative  velocity  in  its  own 

direction  which  already  exists,  Rdr  is  positive.     If  on  the 

other  hand  R  tends  to  diminish  this  velocity,  R  dr  is  negative. 

This  readily  appears  from  the  following  considerations  : — 

If  the  mutual  action  tends  to  increase  the  velocity  — ,   it 

do 

dr- 
tends  to  diminish  — ^,  and  therefore  the  element  of  work  done 
dit 

by  it  is  R  {dri  -  dr^) ;  but  this  is  positive  if  ;77  >  -Tjf   ^^^ 

ctt       at 

negative  if  -rr  >  — -^.      In  the  first  case  the  mutual  action 
°  dt       dt 

tends  to  increase  the  relative  velocity  in  its  own  direction, 
and  in  the  second  case  to  diminish  this  velocity.     Also,  if 

dr 
the  mutual  action  tends  to  diminish  —    similar    reasoning 

applies. 

202.  Effect  of  Impulses  on  Vis  Viva. — The  change 
of  us  viva  resulting  from  impulses  may  be  investigated  by 
means  of  equation  (4),  Art.  197. 

In  general  for  any  displacement  ^s,  whose  components 
are  ^x,  %j,  gs,  we  have  Xdx+  Yhj  +  Z^z  =  R  dr,  where  R  is 
the  impulse  whose  components  are  X,  T,  Z,  and  dr  is  the 
projection  of  ds  on  the  direction  of  R.  Hence,  if  the  direc- 
tions of  R  and  ds  are  at  right  angles  to  each  other, 

Xdx+  Ydj/+  Zdz  =  0. 
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Again,  if  two  equal  and  opposite  impulses  occur  at  points 
whose  coordinates  are  Xi,  ^i,  Si ;  Xo,  y^y  S2,  the  corresponding 
terms  in 

'^(X^x+Yhj  +  Z^z) 

«.re  X  {^x,  -  ^x,)  +  Y{hj,  -  Sy^)  +  Z  {dz,  -  ^z,), 

or  jR  (^ri  -  ^r.i)y  from  which  we  conclude,  that  if  the  relative 
displacement  of  two  points  be  perpendicular  to  the  direction 
of  the  mutual  impulsive  reaction  at  those  points,  the  corre- 
sponding terms  in  S  (X  So?  +  YSy  +  Z^z)  vanish. 

We  can  now  prove  the  following  theorems :  — 

If  a  system  be  acted  on  by  external  impulses,  the  vis  viva 
is  diminished  by  the  vis  viva  of  the  additional  motion  when 
the  impulse  at  each  point  is  perpendicular  to  the  subsequent 
velocity  of  that  point,  but  increased  by  the  same  amount 
when  the  impulse  is  perpendicular  to  the  antecedent  velocity. 

Similar  results  hold  good  for  internal  impulsive  reactions 
when  each  mutual  impulse  is  perpendicular  to  the  relative 
velocity  of  the  points  between  which  it  acts. 

For  the  same  notation  being  adopted  as  in  Art.  197 — 
1°  when  each  impulse  is  perpendicular  to  the  subsequent  ve- 
locity of  the  point  at  which  it  acts,  we  have 

^[Xu+  Yv  +  Zw)  =  0; 

and  2°  when  it  is  perpendicular  to  the  antecedent  velocity, 

^{Xu'+  Yv+Zw'=0. 

In  the  first  case,  substituting  u,  v,  w  for  ^x,  dy,  Ez  in  equa- 
tion (4),  we  get 

S  m  [ {u  -  u')  n  +  {v  -  v')  v  +  {w  -  w')  to}  =  0 ; 
from  which  we  obtain 

S  m  { {u  -  uj  +  [v-  vj  +  {10  -w'Y} 

=  5 m  iu''  +  v'^  +  id'')  -  S m {u''  +  ^^  +  lo").  (13) 

In  the  second  case,  substituting  11 ,  v,  w  for  Zx,  By,  Bz  in 
(4),  we  obtain  in  like  manner 

2  m  { (^«  -  uy  +{v-  v'f  +  [w  -  wj  ] 

=  S  m  [u^  +  v^  +  w^)-'2.m  [iP  +  v^  +  w%  (14) 
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Bertrand's  Theorem  (Art.  199)  is  obviously  included  in 
the  first  case  of  the  above  theorems. 

The  impulses  resulting  from  the  impact  of  inelastic  bodies 
against  fixed  obstacles,  or  against  one  another,  as  well  as 
those  produced  by  sudden  pulls  on  inextensible  strings,  come 
under  the  first  case  considered  above.  To  the  second  case,  on 
the  other  hand,  belong  impulses  due  to  explosions,  or  to  the 
process  of  restitution  which  takes  place  in  the  second  period 
of  the  impact  of  elastic  bodies. 

As  has  been  already  stated  (Art.  78),  in  the  impact  of 
such  bodies  there  are  two  periods.  In  the  first,  the  mutual 
action  reduces  the  relative  normal  velocity  of  the  colliding  jjoints 
to  zero.  In  the  second,  a  force  of  restitution  is  developed, 
which  acts  at  each  point  in  the  same  direction  as  the  original 
force,  and  produces  an  impulse  which  bears  a  constant  ratio 
to  that  belonging  to  the  first  period.  This  constant  ratio  is 
called  the  coefficient  of  restitution. 

As  the  special  equations  which  determine  the  changes  of 
velocity  in  terms  of  the  corresponding  impulses  are  obtained 
by  equating  to  zero  the  coefficients  of  the  independent  varia- 
tions in  equation  (4),  Art.  197,  we  see  that  these  equations 
are  always  linear.  Moreover,  in  the  impact  of  elastic  bodies 
the  geometrical  conditions  are  the  same  in  the  periods  of 
compression  and  of  restitution ;  but  each  impulse  in  the  latter 
period  is  equal  to  the  corresponding  impulse  in  the  former 
multiplied  by  the  coefficient  of  restitution.  Hence  we  con- 
clude that  this  holds  good  likewise  for  the  corresponding 
changes  of  velocity  in  the  two  periods. 


Examples. 

1.  If  a  system  be  acted  on  by  any  set  of  impulses,  prove  that  the  increase  of 
its  vis  viva  may  be  expressed  in  the  form  2  {  X{u  +  u')  +  Y{v  -fr  v)  +  Z{w  +  w') } , 
where  X,  T,  Z  are  the  components  of  the  impulse  acting  at  any  point  of  the 
system;  and  w,  v,  w,  u\  v',  w'  the  components  of  the  velocity  of  this  point 
after  and  before  the  impulsion,  respectively. 

2.  If  a  system  be  acted  on  by  a  set  of  impulses  which  reduce  to  zero  the 
velocities,  in  the  direction  of  the  impulses,  of  the  points  at  which  tliey  act,  find 
the  change  of  vis  viva  in  terms  of  the  impulses  and  the  antecedent  velocities  of 
the  points  at  which  they  act.  Ans.  2(-Xw'  +  Yv'  +  Zw'). 
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3.  The  ends  of  a  string  passing  over  a  smooth  pulley  are  attached  to  two 
masses,  of  which  one  rests  on  a  horizontal  plane,  and  the  other  is  dropped 
through  a  height  h,  the  masses  of  the  string  and  pulley  heing  neglected, 
determine  the  loss  of  kinetic  energy  caused  by  the  impulsive  tension  of  the 
string. 

If  m  and  m'  be  the  masses,  v\  and  vi  the  velocities  of  the  dropped  mass  m 
before  and  after  the  chuck,  and  7  the  loss  of  kinetic  energy, 

2jl  =  m  {v\  -  vz)^  +  m  vz^.     Hence  7  = r  ah. 

m  +  m 

4.  If  any  system  of  smooth  imperfectly  elastic  bodies  having  a  common 
-coefficient  of  restitution  collide,  show  that  the  loss  of  vis  viva  is 

\^  ^m{{u-uy+{v-vy  +  {w-wy], 

where  e  is  the  coefficient  of  restitution,  m  the  mass  of  any  particle,  and  u',  v', 
to',  u,  V,  to  the  components  of  its  velocity  before  and  after  the  shock. 

Let  U,  V,  W  be  the  components  of  the  velocity  of  m  at  the  end  of  the  first 
period  of  impact;  then  by  equations  (13)  and  (14),  Art.  202,  if  7  be  the  total 
loss  of  kinetic  energy, 

27='Zm{{U-uy  +  {V-v'f+{W-wy}-^m{{ii-U)'^-^{v-Vf  +  {w-W)''}-, 

but        u- U=e{V-u'),  kc.y      and  therefore,        u-u  ={l  ■\- e){U—u'),  kt. 

Hence,  27  =  {l-e''')^m{{U-ii'f-{-{r-v'f^-{W-w'Y} 

=  ..^'r.,:im{{u-u'f^-{v-v'f^-{w-wy}. 
The  theorem  contained  in  this  Example  is  due  to  Carnot. 

5.  Two  weights  are  connected  by  a  fine  inextensible  string  passing  over  a 
smooth  pulley.  The  lesser  hangs  vertically,  and  the  other  descends  a  smooth 
inclined  plane,  starting  without  initial  velocity  from  a  point  vertically  under 
the  pulley  ;  determine  how  far  it  will  descend  ;  and  state  the  limit  of  the  ratio 
of  the  weights  within  which  finite  descent  is  possible. 

If  z  be  the  height  which  the  lesser  weight  W  ascends,  and  *  the  distance 

along  the  inclined  plane  traversed  by  the  greater  weight  W,  we  have,  by  the 

equation  of  vis  viva,  when  the  system  comes  to  rest,  Ws  sin  i  —  W'z  =  0,  and 

W 
therefore  z  =  As  sin  i,  if  -—  =  A.     Also,  if  h  be  the  vertical  distance  of  the 
W 

pulley  from  the  inclined  plane,  we  have  geometrically,  since  the  string  is  inex- 
tensible, 

Ui  +  z)"'  =  7*2  +  s2  -I-  Ihs  sin  i.     Hence  s  =  — „    '       h. 

1  -  A^  sin^i 

In  order  that  finite  descent  should  be  possible,  W'>TFsm  i. 

6.  Two  equal  spheres,  A  and  £,  starting  simultaneously  from  rest,  descend 
down  two  equally  inclined  planes;  the  one  plane  quite  smooth,  the  other 
perfectly  rough  ;  find  the  ratio  of  the  velocities  of  the  centres  of  the  spheres 
at  the  end  of  any  time. 

Let  vi  be  the  velocity  of  the  centre  of  A,  vz  that  of  the  centre  of  B,  and  w 
the  angular  velocity  of  B  at  the  end  of  any  time  t,  then  vz  =  aw  (see  Ex.  1, 
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7 
Art.  134),  also,  mv-^—lgmziy  and-  ma"^  oj^  =  2gmz2,  where  zi  and  zg  are  the 

0 

distances  through  which  the  centres  of  A  and  B  have  descended.  Now,  if  «i 
and  52  he  the  distances  which  the  centres  have  moved  parallel  to  the  inclined 
plane  at  any  time, 

ds\  ds2  ,  .    ,  .     , 

t^i  =-vr>     V2  =  —-,    and  zi  =  «i  sm  I,     Zi  =  s2Sim. 
at  at 

Hence,  substituting  and  differentiating,  we  have 

^  =^  '^^  ^'    6  ^  =  ^  ^^^^  ''      ^'^'"  ''  =  7  ""'■ 

7.  A  thin  uniform  rod,  AB,  slides  down  between  a  vertical  and  a  horizontal 
rod,  to  which  it  is  attached  by  small  smooth  rings  ;  find  the  angular  velocity  of 
AB  in  any  position. 

Take  the  horizontal  and  vertical  rods  as  axes  of  x  and  «/,  their  intersection 
being  0,  and  let  6  be  the  angle  which  AB  makes  with  the  vertical  rod  at  any 
time ;  then  M,  the  middle  point  of  AB,  describes  a  circle  round  0  with  an 
angular  velocity  d,  which  is  likewise  the  angular  velocity  of  the  rod  round  M. 

a^ 
Hence  (Art.  134),  ma^  e^-\-m  "36^  =  2^m«  (cos  o  -  cos0),  where  a  is  half  the 

length  of  the  rod,  m  its  mass,  and  a  the  initial  value  of  9 ;  then 

3(7 

02=  —  (coso-cose). 

8.  A  narrow  smooth  semicircular  tube,  whose  radius  is  a,  is  fixed  in  a  vertical 
plane,  the  vertex  of  the  semicircle  being  its  highest  point ;  a  heavy  flexible  string 
passing  through  the  tube  hangs  at  rest ;  if  the  string  be  cut  at  one  end  of  the 
tube,  find  the  velocity  which  the  longer  portion  will  have  attained  when  leaving 
the  tube. 

Let  I  be  the  length  of  each  of  the  portions  of  string  which  hang  below  the 
ends  of  the  tube  in  the  position  of  equilibrium ;  then,  since  the  distance  of  the 

2a 
centre  of  inertia  of  a  semicircular  arc  from  the  centre  is  — ,  a  being  the  radius, 

we  have,  if  v  be  the  velocity  with  which  the  string  leaves  the  tube, 

{l  +  7ra)v'^=2Al7ra  +  ira  f -^  +  !^ j  |, 

whence 

„      2Trl+  (4  +  7r2)  a 
^2  _ _b L.  ag.  V 

9.  A  uniform  bar,  of  length  la,  is  suspended  from  a  fixed,  parallel,  and  equal 
horizontal  bar,  by  strings  of  equal  length  joining  the  adjacent  extremities  of  the 
bars.  An  angular  velocity  &>  is  imparted  to  the  suspended  bar  round  a  vertical 
axis  through  its  centre  of  inertia.  Determine  the  vertical  height  through  which 
its  centre  of  inertia  will  rise. 

As  each  extremity  of  the  bar  moves  on  the  surface  of  a  sphere  to  which  the 
attached  string  is  radius,  the  tensions  of  the  strings  do  not  appear  in  the  equation 

of  v%s  viva  ;  hence  h  —  —- — . 
6/7 
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203.  The  Creneral  JEquations  of  motion  of  a 
Rigid  Body  apply  to  every  System. — If  the  forces 
acting  on  any  system  be  in  equilibrium,  the  equilibrium  is 
not  disturbed  by  rendering  the  mutual  distances  of  the  points 
of  the  system  invariable — in  other  words,  by  making  it  rigid. 
Hence  the  equations  of  motion,  of  a  rigid  body  are,  in  their 
most  general  form,  applicable  to  any  system  whatever.  The 
special  reductions  which  may  be  applied  to  the  forces  of 
inertia  in  the  case  of  a  rigid  body  cannot,  however,  be  em- 
ployed in  other  cases. 

204.  Equations  of  Motion  of  a  Rigid  Body.— 
By  means  of  D'Alembert's  Principle  we  can  at  once  write 
down  the  equations  of  motion  of  a  rigid  body.  We  have,  in 
fact,  merely  to  write  down  the  six  equations  of  equilibrium, 
taking  into  account,  not  only  the  applied  forces,  but  also  the- 
forces  of  inertia  as  defined  in  Art.  196. 

Hence  the  six  equations  of  motion  are — 

^m%-^X,     2«.g=2F,     E.g=SZ      (15) 


^4^4^)=2(^^-^^)=^ 


>,      (16) 


(If      "  dt^ 


S»(^^-2/:7^)=S{^F-yX)=iVr 


where  X,  Jf,  iV'  are  the  moments  of  the  applied  forces  round 
the  axes. 

For  impulses,  the  corresponding  equations  are — 

^m{n-ii)  =  ^X,  -2?n{v-v')  =  '2.Y,  2m  (?^ - w')  =  SZ.  (17) 

:E.mly{tv-tv')-z{v-v')}  =  ^{yZ-zY)  =  L    ] 

Sm {z [u  -  u')  -;x^{tv-w')\  =  '2  {zX  -  xZ)  =  31  [  •     (18) 

'2.m[x{v-v)-y{u-ii)]  =  I.{xY-yX)  =  JV  ) 

These   equations  hold   good  for   any   system   which   is 
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altogether  free,  i.  e.  unacted  on  by  any  constraints,  and  not 
subject  to  geometrical  conditions  external  to  itself. 

In  the  case  of  a  system  subject  to  external  constraints, 
the  constraints  must,  in  general,  be  replaced  by  the  stresses 
to  which  they  give  rise. 

Equations  (15)  and  (17)  may  be  put  into  a  simpler  shape 
as  follows : — 

205.  notion  of  the  Centre  of  Inertia  of  a  Free 
System. — Let  x,  y,  z  be  the  coordinates  of  the  centre  of 
inertia,  and  5D?  the  mass  of  the  entire  system  ;  then,  for 
continuous  forces. 


dt^ 


mz  =  ^m  ^  =  SZ 
dr 


(19) 


Also,  for  impulses. 


=  SX 


w 


=  ^m[v  -v)=  SF 


(20) 


These  equations  give  the  motion  of  the  centre  of  inertia 
of  a  free  system  acted  on  by  any  forces.  From  them  it 
appears  that — 

The  centre  of  inertia  of  a  free  system  moves  as  if  all  the  forces 
were  aj)plied  to  the  entire  mass  concentrated  there. 

206.  Constraints  and  Partial  Freedom.  — If  a  system 
be  subject  to  external  constraints,  we  may  apply  equations 
(19)  and  (20),  provided  we  suppose  the  constraints  replaced 
by  the  forces  to  which  they  give  rise. 

If  a  system,  though  not  entirely  free,  be  such  that  equal 
and  parallel  displacements  of  arbitrary  magnitude  can  be 
given  to  each  of  its  points  in  a  definite  direction,  and  if  the 
axis  of  X  be  taken  in  that  direction,  we  have  still  the  equation 

mx  =  SZ. 


\ 
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207.  Internal  Forces. — Any  force  by  which  two 
parts  of  a  system  act  on  each  other  is  said  to  be  internal. 

Since  action  and  reaction  are  equal  and  opposite,  the 
components  of  internal  forces  destroy  one  another  in  the  sums 
SX,  S  F,  and  SZ.     Hence  in  any  system 

Internal  forces,  whether  continuous  or  impulsive,  have  no  effect 
on  the  motion  of  the  centre  of  inertia. 

208.  Case  of  no  External  Forces. — It  follows  from 
Art.  207,  that  if  a  system  be  acted  on  by  no  external  forces, 
its  centre  of  inertia  is  either  at  rest  or  moves  in  a  straight 
line  with  a  constant  velocity.  This  theorem  is  sometimes 
termed  The  Principle  of  the  Conservation  of  the  Motion  of  the 
Centre  of  Inertia. 

Eesults  similar  to  those  of  the  preceding  Articles  hold 
good  for  impulses. 

209.  notion  of  a  Free  System  relative  to  its 
Centre  of  Inertia. — If  ^,  17,  Z,  be  the  coordinates  of  any 
point  of  a  system  referred  to  axes  through  its  centre  of 
inertia  parallel  to  fixed  directions,  x  =  x-\-^,  y  =  y  +  r],z  =  z-\-Z,. 
Substituting  in  D'Alembert's  equation,  we  have 

-  hx  ^m-T-r  -  by  ^m-—  -  hz  Sm  -— 
dt'  dr  dt^ 

d'^x  _     ,,^     d'^y  _     ^       ^~s  „     rvc, 

..|(x-..f)8j,(r-,«|?)s,.(z-«f),j|... 

Now  2w^  =  2m»7  =  Sm^  =  0 ;  hence,  by  equations  (19), 
Art.  205,  we  obtain 

It  follows  from  this  equation  that — 
The  motion  of  a  free  system  relative  to  its  centre  of  inertia  is 
the  same  as  if  this  point  were  fixed  in  space,  the  applied  forces 
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being  unaltered  as  regards  magnitude,  direction,  and  point  of 
applicatio7i. 

The  theorem  just  stated  holds  good  as  well  for  impulsive 
as  for  continuous  forces.  This  readily  appears  by  applying 
the  transformation  employed  above  to  equation  (4),  Art.  197, 
and  making  use  of  equations  (20),  Art.  205. 

210.  Moments  of  Momentuin. — It  is  readily  seen  that 
at  any  instant  the  expression 

Sm  (xv  -  yu)  or  Sw  {xy  -  yx) 

represents  the  entire  moment  of  the  momenta  round  the  axis 
of  z  of  all  the  elements  of  the  system  at  the  instant :  and 
similarly  Sw^  [yz  -  zy)  and  ^m  {zx  -  xz)  represent  the  corre- 
sponding quantities  relative  to  the  axes  of  x  and  y,  respec- 
tively. 

These  moments  of  momenta  are  of  fundamental  impor- 
tance in  the  discussion  of  the  motion  of  any  system,  and  we 
shall  accordingly  represent  them  by  distinct  symbols. 

Thus  let 

jffi  =  Sm  {yz  -  zy),  H2,  =  Sm [zx  -  xz),  R^  =  Sm  (xy  -  yx),  (22) 

then  equations  (18)  may  be  written  in  the  form  J 

E,-E,'  =  L,     E,-m=^M,    H^-B^^N,       (23) 

in  which  H(,  H^,  Hz  represent  the  moments  of  momenta  of 
the  system  before,  and  Hi,  Ho,  Hz  those  after,  the  impact. 

If  the  body  be  at  rest  when  acted  on  by  the  impulses,  these 
equations  become 

H,  =  L,    H,  =  M,    Hz  =  N.  (24) 

Hence,  in  this  case,  the  moments  of  momenta  generated 
by  the  impulses  are  respectively  equal  to  the  impulsive 
moments  applied. 

Next,  since  ^V  ^V^  =  -r.  [^y  -  yx), 

ut 

dHi     ^    ,  .. 
we  nave  —rr  =  Sm  (xy  -  yx), 

ut 

R  2 
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and  it  follows  that  equations  (16)  may  be  expressed  in  the 
following  form : — 

'-w-^'  r^'  f'=^-  (2^) 

The  quantities  -ETj,  Mi,  H3  admit  of  an  important  trans- 
formation, as  follows : — 

If  J  7^3  (It  represent  the  elementary  area  described  round  the 
origin  by  the  projection  of  the  point  xyz  on  the  plane  of  xy, 
then 

xy  -  yx  =  hz. 

Hence  ^3  =  '2m hz,  and,  likewise,  representing  the  pro- 
jections on  the  planes  of  yz  and  xz  by  a  similar  notation, 

Hi  =  Sm/ii,     jETz  =  2m^2. 

Accordingly  equations  (25)  may  be  written 

„     dhi      ^        ^    dhz      ,_      „     dhz     ,^  ,^^, 

2m-jT=L,      2m— ^  =  M,     2m-^  =  N.  (26) 

dt  dt  dt 

The  corresponding  equations  for  impulses  are 

SmAi  =  L,     2mh  =  M,     2t}ihz  =  N.  (27) 

If  the  system  is  in  motion  when  the  impulses  act,  the  three 
latter  equations  should  be  written 

SmAi  =  X  +  2mh{,  ^mh  =  M+  2mh^,    2mhz  =  iV+  2mhz,  (28) 

where  A/,  h-^,  hz  are  the  values  of  hi,  h^,  hz  the  instant  before 
the  impulses  act. 

The  quantities  hi,  h^,  hz,  &c.,  are  the  areal  velocities, 
relative  to  the  origin,  of  the  different  points  of  the  system ; 

and  -7-,  &c.,  are  the  areal  accelerations  {see  Art.  29). 
dt 

In  any  system  in  motion  the  three  moments  H^,  H-i,  Hz, 

if   they  were   regarded   as   moments   of   forces   or   couples 

acting  on  the  same  rigid  body,  would  be  equivalent  to  a 
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single  moment   H  round   a  line   whose   direction    cosines 
are  ^,     — ^,     ~ ;   H  being  given  by  the  equation 


E'  =  jET,^  +  ^2^-  +  .ff, 


This  line  is  called  the  momentum  axis  of  the  system  relative 
to  the  origin.  As  it  is  the  axis  of  the  couple  which  is  the 
resultant  of  the  couples  corresponding  to  the  moments  of  the 
momenta  of  the  different  elements  of  the  system,  it  is  plain 
that  its  direction  is  independent  of  the  directions  of  the  co  - 
ordinate  axes. 

If  Sdt  be  twice  the  sum  of  the  projections  of  the 
elementary  areas  described  by  all  the  points  of  the  system 
round  the  origin,  each  multiplied  by  the  corresponding 
element  of  mass,  on  a  plane  whose  normal  makes  an  angle 
B  with  the  momentum  axis,  then 

S  =  Hcose.  (29) 

This  may  be  proved  in  the  following  manner :  Let  hdt 
be  double  the  elementary  area  described  by  the  element 
whose  mass  is  7n  round  the  origin ;  and  let  a,  )3,  y  be  the 
cosines  of  the  angles  its  plane  makes  with  the  coordinate 
planes;  then.  A,  ju,  v  being  the  direction  cosines  of  the  normal 
to  the  plane  of  /S, 

S=^mh  (aX  +  j3ju  +  71;)  =  X^mha  +  jx2.mh^  +  v^mhy 
=  \E,^^ IxE,  +  vH^  =  h\\^  ^^ t.^  +  v^\^  HqosQ. 

Hence,  the  multiple  sum  of  the  projections  of  the  elementary 
areas  on  the  plane  at  right  angles  to  the  momentum  axis  is  a 
maximum. 

This  plane  is  called  the  Principal  Plane  relative  to  the 
origin.  From  what  has  been  just  proved,  we  see  again 
that  its  position  is  independent  of  the  directions  of  the  axes. 

If  5,  r],  ^  be  a  second  set  of  rectangular  axes  through  the 
origin  parallel  to  directions  fixed  in  space,  and  if  the  direc- 
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tion  cosines  of  ^,  referred  to  x,  y,  s,  be  a^^  «2,  dz ;  of  r\,  bi,  &2,  ^3 ; 
of  ^,  Ci,  Ciy  C3 ;  we  have,  as  particular  cases  of  what  has  been 
proved  above, 

2m (jj?"  -  Zt})  =  Riai  +  H^ai  +  H^a^  \ 

Sm(^|  -  ??:)  =  E,h  +  ^2^»2  +  H^h,  I  .  (30) 

2m (?^  -  ijg)  =  RiCi  +  jSa^z  +  HzCi  ) 

The  preceding  theorems  of  this  Article  are  true  for  any 
system  of  moving  points,  and  whether  the  origin  be  fixed 
or  movable. 

Again,  to  find  the  moinents  of  momentum  of  a  system  round 
axes  intersecting  at  a  point  whose  coordinates  are  a^  b,  c. 

Let  Hi,  II2,  K(  be  the  moments  of  momentum  of  the 
system  round  axes  parallel  to  the  coordinate  axes,  and  inter- 
secting at  the  point  abc ;  then,  we  have 

E:(  =^m[[y  -  b)z  -  {z  -  c)y] 

=  2m  (?/s  -  zij)  -  {b  ^mz  -  c  "Emy) ; 

but  X,  y,  z  being  the  coordinates  of  the  centre  of  inertia  of 
the  system, 

^my  =  ^y,     2ms  =^2; 
E^=H,-m{bi^c^)  \ 

m  ^H^-micx-  ai)  [  •  (31) 

E,'=H,-m{ay-b%)  ) 

Again,  the  moment  of  momentum  of  a  system  round  an  axis, 
through  any  point  0,  is  equal  to  the  moment  of  the  momentum 
relative  to  the  centre  of  inertia  round  a  parallel  axis  through 
that  point,  together  with  the  moment  of  momentum  round  the  axis 
through  0  of  the  entire  mass  of  the  system  supposed  to  be  con- 
centrated at  the  centre  of  inertia,  and  moving  with  it. 


hence  we  obtain 
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Take  the  axis  through  0  as  the  axis  of  x,  and  make  use 
of  the  transformation  employed  in  Art.  209,  then 

Sm(i^s  -s^)  =  Sm{(^  +  jj)(s+  ?:)  -  (s  +  K){y  -^  v)] 

-m{pi-m  +  '2m{rit-Zv);         (32) 

since  Sm»j  =  ^mZ  =  0,     Smi)  =  Sm^  =  0. 

The  student  will  observe  that  |,  9),  &c.,  denote  relative,  not 
absolute,  velocities.  If  the  origin  0  be  the  centre  of  inertia 
of  the  system,  equations  (23),  (24),  and  (25)  hold  good  whether 
0  be  fixed  or  moving  (Art.  209),  the  axes  being  parallel  to 
lines  fixed  in  space. 

In  the  deduction  of  equations  (23),  (24),  and  (25),  we 
have  supposed  that  the  system  is  free,  that  is,  unacted  on  by 
constraints  external  to  the  system  itself. 

211.  Constraints  and  Partial  Freedom. — A  system 
which  is  not  free  may  be  regarded  as  free,  if  the  external 
constraints  be  replaced  by  the  forces  to  which  they  give  rise. 

In  general,  we  can  ascertain  whether  a  given  constraint 
aifects  the  validity  of  equations  (23),  (24),  and  (25),  by  con- 
sidering its  influence  on  the  conditions  of  equilibrium  of  a 
rigid  body. 

If  one  point  of  a  rigid  body  be  fixed,  we  know  that  for 
its  equilibrium  the  moments  of  the  applied  forces  round  three 
rectangular  axes  meeting  at  the  point  must  each  be  equal  to 
zero.     Hence  we  conclude — 

If  there  be  one  point  of  a  system  fixed,  equations  (23),  (24), 
and  (25)  Jiold  good  for  this  point  as  origin. 

Again,  if  there  be  a  fixed  line  in  a  rigid  body,  the  con- 
dition of  equilibrium  is  that  the  moment  of  the  applied 
forces  round  this  line  should  be  zero.     From  this  we  infer — 

If  there  be  a  fixed  line  in  a  system,  the  rate  of  change  relative 
to  the  time  in  the  moment  of  mo^nentum  of  the  system  round  this 
line  is  equal  to  the  moment  of  the  applied  forces. 

212.  Internal  Forces. — Since  internal  forces  occur  in 
pairs,  each  pair  consisting  of  two  equal  and  opposite  forces 
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having  a  common  line  of  direction,  the  moment  round  any 
line  of  the  whole  set  of  internal  forces  must  be  zero.  Hence 
the  moments  of  momentum  of  any  system  are  unaffected  by  forces 
internal  to  the  system. 

213.  Conservation  of  Moment  of  JHomentum. — If 
a  free  system  be  unacted  on  by  any  forces  external  to  itself, 
its  resultant  moment  of  momentum,  relative  to  any  point 
fixed  in  space,  is  constant,  and  has  for  its  axis  a  line  whose 
direction  is  invariable. 

A  similar  result  holds  good  for  the  centre  of  inertia  even 
though  this  point  be  not  fixed  in  space. 

If  a  system,  otherwise  free,  contain  a  point  or  a  line  fixed 
in  space,  and  be  unacted  on  by  external  forces,  the  resultant 
moment  of  momentum  of  the  system  relative  to  the  fixed 
point,  or  the  moment  of  momentum  round  the  fixed  line,  is 
constant. 

The  theorems  enunciated  in  this  Article  together  consti- 
tute what  has  been  often  termed  The  Principle  of  the  Conser- 
vation of  the  Moment  of  Momentum^  or  The  Principle  of  the 
Conservation  of  Areas. 

As  the  moment  of  a  force  round  an  axis  intersecting  the 
line  of  direction  of  the  force  is  zero,  we  see  that — 

If  the  lines  of  direction  of  all  the  external  forces  which  act  on 
a  free  system  be  met  by  the  sa?ne  space  axis^  the  moment  of  mo- 
mentuni  of  the  system  round  this  axis  is  constant. 

If  the  space- axis  be  fixed  in  the  system,  which  is  other- 
wise free,  the  theorem  above  still  holds  good. 
In  a  similar  manner  we  may  conclude  that — 
If  a  system  receive  an  impulse,  the  moment  of  momentum  of 
the  system  round  an  axis  fixed  in  space,  and  passing  through  any 
point  on  the  line  of  direction  of  the  impulse,  remains  the  same  as 
before. 

Examples. 

1.  In  any  system  in  motion,  show  that  the  moments  of  momenta  round 
three  rectangular  axes  are  equal  to  the  moments  of  the  impulses  which  would 
impart  to  the  system  if  at  rest  its  actual  motion. 

2.  If  I,  1],  C^e  the  coordinates,  relative  to  the  centre  of  inertia,  of  any  point 
of  a  free  system,  show  directly,  that  if  the  system  start  from  rest, 
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and  that  during  the  motion, 

^m{'nC-C'-n)  =  ^{'nZ-m,  &c. 

By  equation  (32),  Art.  210,  we  have 

but  SW^=2r,         and        a»z  =  2-?';         therefore,  &c. 

Again,  differentiating  each  side  of  the  equation  (32)  of  Art.  210,  we  have 
3)t (^z  -  z^)  +  Sw (tjC- C'J)  =  2w (yz  -  2i/)  =  i  =  2 { (y  +  7?)  Z- (2  +  C)  F}  ; 

and  as  my  = -^T,     9Rz  =  2-2", 

we  obtain  the  required  result. 

3.  A  satellite  of  mass  in  is  moving  in  a  circle  whose  radius  is  r,  round  a 
planet  whose  mass  is  M,  and  which  rotates  round  an  axis  perpendicular  to  the 
plane  of  the  orbit  with  an  angular  velocity  n.  If  0  be  the  moment  of  inertia 
of  the  planet,  and  yu  the  attraction  between  unit  masses  at  the  unit  of  distance, 
show  that  the  moment  of  momentum  of  the  system  round  its  centre  of  inertia^is 


c\n  +  fth-^{M:^-  m)-h^\. 


4.  A  heavy  particle  moves  on  a  smooth  surface  of  revolution  whose  axis  is 
vertical ;  prove  that  the  moment  of  momentum  of  the  particle  round  the  axis 
is  constant. 

5.  A  number  of  mutually  attracting  particles  are  acted  on  by  forces  passing 
through  the  same  fixed  point ;  prove  that  their  resultant  moment  of  momentum 
relative  to  this  point  is  constant,  and  that  the  direction  of  its  axis  is  invariable. 

6.  A  system  is  acted  on  by  no  external  force  except  gravity  ;  prove  that  its 
moments  of  momenta  round  axes  parallel  to  fixed  directions  in  space,  and  inter- 
secting at  its  centre  of  inertia,  are  constant. 

7.  Show  that  the  centre  of  inertia  of  the  universe  is  either  fi!xed  in  space  or 
else  moves  in  a  straight  line  with  a  constant  velocity. 

8.  A  man  walks  from  one  end  to  the  other  of  a  uniform  plank  which  is 
placed  on  a  smooth  horizontal  table  ;  determine  the  displacement  of  the  plank. 

Let  a  be  the  length  of  the  plank,  P  its  mass,  M  that  of  the  man  ;  the  dis- 
placement is  -— a. 

9.  A  uniform  plank  is  placed  on  a  smooth  inclined  plane,  so  as  to  be  perpen- 
dicular to  the  intersection  of  the  inclined  plane  with  the  horizon ;  determine  the 
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time  in  which  a  man  should  go  from  the  upper  to  the  lower  end  of  the  plank  in 
order  that  it  should  remain  unmoved. 

Let  t  he  the  time  required.     The  displacement  of  the  centi-e  of  inertia  of  the 

M 
system  in  the  time  t  in  space  is  ^gt"^  sin  i,  and  relative  to  the  plank  is  -a. 

If  the  plank  remain  unmoved  these  must  he  equal.     Hence 

2M        a 


Jf  +  F  ^  sin  i 

10.  The  base  of  a  smooth  homogeneous  circular  semi-cylinder  rests  on  a  hori- 
zontal plane.  A  particle  m  is  placed  at  a  point  on  the  surface  of  the  semi- 
cylinder,  situated  in  a  vertical  plane  containing  its  centre  of  inertia  and  perpen- 
dicular to  its  axis.     Show  that  the  particle  will  describe  an  ellipse. 

Let  the  axis  of  x  be  the  intersection  of  the  vertical  plane,  in  which  the 
particle  moves,  with  the  horizontal  plane  on  which  the  semi-cylinder  rests  ;  the 
axis  of  y  being  vertical.  Let  a;,  y  be  the  coordinates  of  the  particle,  x'  the  co- 
ordinate of  the  centre  of  inertia  of  the  semi-cylinder,  m'  its  mass,  and  a  its 
radius. 

Considering  the  whole  system  as  one  body,  we  have  (Art.  206), 

d'^x         ,  d?-x' 

*"*?+•"*?  =  <•• 

Hence,  since  the  system  starts  from  rest,  mx  +  m'x'  is  constant,  or  the  pro- 
jection on  the  horizontal  plane  of  the  centre  of  inertia  of  the  whole  system 
remains  fixed  in  space.     Taking  this  point  for  origin,  we  have  mx  +  m'x'  =  ^. 

Again,  since  the  semi-cylinder  is  homogeneous,  we  have,  from  the  geometri- 
cal conditions, 

{x  -  x'Y  +  y'^  =  a^. 
Substituting  for  x\  we  obtain 

{m  +  m'fx^ -^^  m'^y"^  =  m'^a'^. 

11.  Two  particles,  connected  by  a  rigid  rod  whose  weight  is  negligible,  are 
projected  along  a  smooth  horizontal  plane ;  determine  their  motion. 

The  position  of  the  centre  of  inertia  at  any  time  is  given  by  the  equations 

X  =  mt  +  a,     y=nt+b, 

and  the  inclination  of  the  rod  to  the  axis  of  x  by  the  equation  0  =  «^  +  e,  where 
m,  n,  a,  b,  «,  and  e  are  constants. 

12.  Two  equal  particles  are  connected  together  by  a  fine  inextensible  string ; 
one  of  them  is  placed  on  a  smooth  table,  the  other  just  over  the  edge,  the  string 
being  at  full  stretch  at  right  angles  to  the  edge  ;  find  the  interval  of  time  from 
the  instant  at  which  the  particle  originally  on  the  table  leaves  it  to  the  instant 
at  which  the  string  first  becomes  horizontal. 

The  acceleration  of  the  particle  moving  on  the  table  is  ^g.  Hence,  if  c  be 
the  length  of  the  string,  the  particle  leaves  the  table  with  a  horizontal  velo- 
city V,  where  v^  =  gc.  At  this  instant  the  middle  point  of  the  string  has  a 
horizontal  velocity  ^v,  and  the  lower  particle  has  no  horizontal  velocity.    Hence 
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the  moment  of  momentum  of  the  system  round  a  horizontal  axis  through  the 
centre  of  inertia  is  ^mcv.  This  remains  constant  (Ex.  6),  and  therefore  twice 
the  area  described  round  the  centre  of  inertia  in  any  time  t  is  ^mcvt.  If  t  he  the 
interval  of  time  during  which  the  string  passes  from  a  vertical  to  a  horizontal 
position,  we  have,  therefore,  ^ttc^  =  ^cvt,  and  substituting  for  v  its  value,  we 
obtain 


t  =  l: 


tTT 


I 


13.  A  sphere  is  projected  with  a  velocity  v  along  a  uniform  smooth  tube 
within  which  it  fits  exactly.  The  tube  rests  on  a  smooth  horizontal  plane,  and 
its  axis  forms  a  circle ;   determine  the  motion. 

Let  m  be  the  mass  of  the  sphere,  m'  that  of  the  tube,  and  a  the  radius  of 
the  circle  formed  by  its  axis.  The  common  centre  of  inertia  0  of  the  tube 
and  sphere  moves  parallel  to  the  direction  of  projection  of  the  sphere  with 

a  velocity  -,  and  the  centres  of  the  tube  and  sphere  describe  circles  round 

m  +  m  ^ 

V 

0  with  an  angular  velocity  -. 
a 

14.  A  spherical  sheU  rests  upon  a  smooth  horizontal  plane;  a  particle  is 
placed  at  the  lowest  point  of  the  internal  surface  of  the  shell,  which  is  then 
projected  with  a  horizontal  velocity  V.  The  internal  surface  of  the  shell  being 
smooth,  determine  to  what  height  the  particle  wiU  ascend. 

Let  X  and  y  be  the  coordinates  of  the  particle,  m  its  mass,  and  v  its  velocity  ; 
x'  and  y'  the  coordinates,  and  v  the  velocity  of  the  centre  of  the  shell,  m'  being 
its  mass.  Take  as  axis  of  x  the  intersection  of  the  smooth  horizontal  plane  with 
the.  vertical  plane  of  motion;  then,  Art.  200, 

mv'  +  m'v'^  =  m'  V^  —  2mfft/, 
and,  by  Art.  206, 

mx  +  m'x'  =  mf  V. 
Also,  as  the  particle  remains  on  the  sphere  whose  radius  is  a,  we  have 

whence,  differentiating,  and  remembering  that  y'  =  0,  we  have  x  —  x'  —  0  when 
y  =  0.     Hence,  substituting,  we  obtain 


2  (m  +  m')  g 

This  result  may  not  hold  good  if  the  value  of  y  given  above  exceed  a. 

15.  A  smooth  tube,  movable  in  a  horizontal  plane  about  a  vertical  axis,  is 
charged  with  a  number  of  balls  at  given  intervals ;  an  angular  velocity  n  is 
communicated  to  the  tube ;  determine  the  velocities  of  the  tube  and  of  the 
balls  at  any  assigned  distances  of  the  latter  from  the  axis. 

Let  mi.  Mi,  &c.  be  the  masses  of  the  balls,  ai,  a^  &c.  their  initial  distances 


252  The  General  Dynamical  Principles, 

from  the  axis,  ri,  ^2,  &c.  their  distances  at  any  instant,  (a  the  angular  velocity, 
and  Mk-  the  moment  of  inertia  of  the  tube  about  the  axis  ;  then  (Arts.  213,  200), 

(wi  r\^  +  «J3  r^  +  &c.  +  JfF)  0)  =  (mi  a\^  +  m^  a-^  +  &c.  +  Mlz^)  n, 

fWi  f  1^  -f-  ^2  ^2^^  +  &c.  +  (wi  ri^  +  W3  r-^  +  &c.  +  JlfF)  aP-  =  {mi  a^  +  rma'^ 

+  &c.  +  JfF)  n2. 


Again  (Art.  28), 

^-n.=  o=^>.., 

whence 

and  integrating, 

r2  — n  — -  =  constant  =  0. 

w^            dt 

Hence  we  have 

—  =  constant  =  — , 

and  therefore  also  —  =  — ,  vrith  similar  equations  for  the  other  distances  and 
velocities.    Substituting  in  the  equations  of  momentum  and  vis  viva,  and  putting 

wi  av-  +  W2  «2^  +  &c.  =  J,     Mk^  =  r, 
we  obtain 

(/ri2  +  r «i2)  ft,  =  (/+  /')  a{'  n,    (/ri2  +  /'  ai"^)  h^  =  ( J+  7')  ai^  (n^  -  ai^)  fl',  &c. 

16.  An  indefinitely  great  number  of  thin  cylindrical  shells  are  revolving 
in  the  same  direction  about  their  common  axis,  the  angular  velocity  of  each  shell 
being  proportional  to  a  positive  power  of  its  radius.  If  the  system  of  shells  be 
suddenly  united  into  a  solid  cylinder,  find  the  angular  velocity  of  the  cylinder 
about  its  axis. 

Let  ft»  be  the  angular  velocity  of  any  shell,  r  its  radius,  H  and  H  being  those 
of  the  outermost  shell,  then  a»  =  \r",  and  before  the  shells  are  united,  the  moment 
of  momentum  of  the  system  is 

R 


Jo 


If  ft)'  be  the  angular  velocity  of  the  united  system,  its  moment  of  momentum  is 
/It—-  w'.     Equating  these  two,  we  obtain 

,_  4n 

^  ~  «  +  4* 

17.  A  uniform  horizontal  stick  falling  to  the  ground  strikes  at  one  end 
against  a  stone  ;  compare  the  blow  it  receives  with  what  it  would  have  received 
had  both  ends  struck  simultaneously  against  two  stones,  the  blows  being  sup- 
posed to  be  perpendicular  to  the  stick. 


Examples,  253 

Let  v'  and  v  be  tbe  velocities  of  the  middle  point  C  of  the  stick,  before  and 
after  it  receives  the  single  blow  at  the  extremity  A  ;  let  2a  be  the  length  of 
the  stick,  m  its  mass,  and  Pthe  impulse  of  the  blow.  The  moment  of  momentum 
of  the  stick  round  a  horizontal  space  axis  through  A  remains  unaltered  by  the 
blow.  Before  the  blow  the  whole  moment  of  momentum  is  due  ((32),  Art.  210) 
to  the  motion  of  the  centre  of  inertia,  the  stick  having  no  motion  relative  to  it. 
After  the  blow  the  stick  is  rotating  round  A  (since  this  point  is  reduced  to  rest) 
with  an  angular  velocity  w.  Hence  ^md^  <a  =  mav'\  but  v  =  aa>,  and  therefore, 
substituting,  we  have 

V  =  f  v',     and    v'  —  V  =  \v'. 

Again,  from  the  motion  of  the  centre  of  inertia  C,  we  obtain 
P  =  m  {v  —  v')  =  —  ^  mv' . 

In  the  second  case,  when  the  stick  receives  two  blows  each  equal  to  Q,  it  is 
reduced  to  rest,  and  therefore 

2Q  =  -  mv\     or     Q  =  —  \  mv'. 

Therefore  finally  P  =  i  Q. 

If  the  stick  be  elastic,  the  above  investigation  holds  good  for  the  impulses 
received  during  the  first  period  of  each  impact ;  and  as  the  total  impulses  are  in 
a  constant  ratio  to  the  former,  the  result  is  unaffected  by  the  elasticity  of  the 
stick. 
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CHAPTEE  X. 

MOTION    OF    A    RIGID    BODY    PARALLEL    TO    A   FIXED    PLANE. 

Section  I. — Kinematics. 

214.  Rigid   Body,  Determination  of  its  Position. — 

A  body  is  said  to  be  rigid  when  its  constitution  is  such  that 
the  relative  position  of  its  points  with  respect  to  each  other  is 
unalterable. 

The  position  of  a  point  in  space  is  usually  determined  by 
means  of  three  rectangular  coordinates,  and  depends  therefore 
upon  three  independent  quantities.  It  is  easy  to  see  that  the 
position  of  a  rigid  body  is  determined  by  six  independent 
variables.  For,  the  position  in  space  of  a  definite  point  A  of 
the  body  is  determined  by  three  independent  variables  ;  two 
more  are  required  to  determine  the  plane  in  space  in  which  a 
definite  plane  a  of  the  body  passing  through  A  should  lie ; 
and  finally,  one  more  is  necessary  to  fix  in  this  plane  a  definite 
line  of  the  body  passing  through  A,  and  lying  in  the  plane  a. 
When  the  position  in  space  of  every  point  of  the  plane  a  is 
determined,  it  is  obvious  that  the  positions  of  all  points  of 
the  rigid  body  are  completely  determined,  since  perpendiculars 
from  them  on  the  plane  a  are  invariable  in  magnitude. 

215.  Degrees  of  Freedom. — As  six  independent 
quantities  are  required  to  determine  the  position  of  a  rigid 
body,  such  a  body,  if  subject  to  no  restraint,  is  said  to  have 
six  degrees  of  freedom. 

It  is  plain,  from  what  has  been  said,  that  if  the  positions 
of  three  points  of  a  rigid  body  not  lying'  on  the  same  straight 
line  are  fixed,  the  position  of  every  point  of  the  body  is  de- 
termined. 

216.  Motion  of  Translation. — When  a  body  moves 
so  that  the  elements  of  the  paths  described  by  its  different 
points  are  equal  and  parallel  straight  lines,  the  motion  is  said 
to  be  one  of  translation. 
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The  path  described  by  any  one  point  of  a  body  is,  in 
general,  a  curve,  and  it  appears  from  the  above  definition 
that  the  curves  described  by  the  different  points  during  any 
motion  of  translation  are  equal  and  similar.     Hence — 

In  a  motion  of  translatio7i,  the  line  joining  any  two  definite 
points  of  the  body  remains  parallel  to  its  initial  position. 

As  the  distances  traversed  by  each  point  of  the  body  are 
the  same  both  in  magnitude  and  direction,  we  may  speak  of 
the  motion  of  translation  of  the  body,  and  may  compound  any 
number  of  elementary  motions  in  the  same  manner  as  for  a 
point. 

217.  notion  of  Rotation. — As  already  stated  in  Art. 
95,  when  a  body  is  moving  in  such  a  manner  that  each  point 
is  describing  the  arc  of  a  circle  having  its  centre  on  a  fixed 
straight  line,  to  which  its  plane  is  perpendicular,  the  motion 
is  said  to  be  a  rotation,  and  the  fixed  straight  line  passing 
through  the  centres  of  all  the  circles  is  called  the  axis  of 
rotation. 

In  a  motion  of  this  kind  every  point  of  the  body  lying 
on  the  axis  of  rotation  remains  fixed  during  the  motion. 

All  lines  in  the  body  perpendicular  to  the  axis  of  ro- 
tation turn  through  the  same  angle,  which  is  called  the 
angular  rotation,  or  simply  the  rotation  of  the  body. 

Any  Ihie  AB  of  the  body  ivhich  lies  in  a  plane  at  right  angles 
to  the  axis  of  rotation  makes,  at  the  end  of  the  motion,  an  angle 
with  its  initial  position,  ichich  is  equal  to  the  angular  rotation  of 
the  body. 

This  readily  appears  as  follows  : — Join  A  to  the  point  0 
in  which  the  axis  meets  the  plane  in  which  AB  lies ;  then, 
A'  and  B'  being  the  new  positions  taken  by  A  and  B,  since 
OA  makes  the  same  angle  with  AB  which  OA'  makes  with 
A'B',  the  quadrilateral  formed  by  OA,  0A\  AB  and  A'B^ 
can  be  inscribed  in  a  circle,  and  therefore  the  angle  between 
A'B'  and  AB  is  equal  to  that  between  OA'  and  OA. 

It  is  easy  to  see,  that  if  two  positions  of  a  body  have  a 
straight  line  of  particles  in  common,  the  body  can  be  moved 
from  one  of  these  positions  to  the  other  by  a  rotation  round 
this  line. 
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218.  Motion  Parallel  to  a  Fi^iLed  Plane.— When 
the  paths  described  by  the  several  points  of  a  body  during  its 
motion  are  made  up  of  elements,  each  of  which  is  parallel  to 
the  same  fixed  plane,  the  motion  of  the  body  is  said  to  be 
parallel  to  this  plane. 

If  we  consider  any  definite  plane  section  of  the  body, 
which  at  the  beginning  of  the  motion  is  parallel  to  the  fixed 
plane,  this  section  must  continue  in  the  same  plane  through- 
out the  motion,  and  its  position  at  each  instant  determines 
the  position  of  every  point  of  the  body.  In  order,  therefore, 
to  study  the  motion  of  a  body  moving  parallel  to  a  fixed 
plane,  we  have  merely  to  investigate  the  motion  of  a  plane 
figure  in  its  own  plane. 

219.  Motion  of  a  Plane  Figure  in  its  own  Plane. 
— A  plane  figure  can  be  moved  from  any  one  position  in  its 
own  plane  to  any  other  by  giving  it  first  a  motion  of  trans- 
lation, whereby  any  arbitrary  point  A  of  the  figure  is  moved 
from  its  first  position  Ai  in  space  to  its  second  position  A^, 
and  then  a  motion  of  rotation  round  a  perpendicular  axis 
passing  through  A^,  whereby  a  definite  line  AB  of  the  figure 
is  moved  into  its  final  position  in  space  AoBo.  As  the  point 
A  is  perfectly  arbitrary,  the  motion  may  be  effected  in  an 
infinite  variety  of  ways.  The  motion  of  translation  to  be 
given  to  the  figure  differs  in  general  according  as  different 
points  of  the  figure  are  chosen  for  ^,  but  the  motion  of  rotation 
is  in  all  cases  the  same. 

This  readily  appears  from  Art.  217,  as  the  initial  and  final 
positions  of  any  definite  line  of  the  figure  are  given,  and  the 
angle  between  them  is  in  all  cases  the  rotation  of  the  body. 

The  results  arrived  at  above  depend  upon  the  fact  that 
the  position  of  a  plane  figure  in  its  own  plane  is  completely 
determined  by  the  position  of  one  definite  straight  line  of  the 
figure.  Hence  also  it  appears  that  by  properly  selecting  the 
point  A,  the  motion  of  translation  may  in  general  be  dis- 
pensed with  altogether,  or,  in  other  words  (differential  Cal- 
culus, Art.  293) — 

A  plane  figure  can  be  moved  from  any  one  position  into 
any  other  in  its  own  plane  by  a  rotation  round  a  point  fixed 
in  the  plane. 
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In  fact,  5(7  being  the  original  position  of  any  definite  line 
of  the  figure,  and  B'O'  its  new  position ;  if  we^'oin  BB\ 
bisect  it,  and  erect  a  perpendicular,  and  do  the  same  with 
C0\  these  two  perpendiculars  will,  in  general,  determine 
by  their  intersection  a  point  0,  a  rotation  round  which  effects 
the  given  change  of  position. 

If  BB'  be  parallel  to  GC  this  construction  fails.  Two 
cases  then  arise,  according  as  BB'  is  equal  to  CO'  or  not. 
In  the  latter  case,  the  intersection  of  BG  and  B'C  is  the 
centre  of  rotation.  In  the  former  the  motion  is  one  of  pure 
translation,  and  the  point  0  is  at  infinity. 

As  a  particular  case,  it  follows  that — 

Two  rotations  effected  successively  round  tivo  parallel  axes 
bring  a  body  into  the  same  position  as  a  single  rotation  round  an 
axis  parallel  to  the  tico  former^  the  single  rotation  being  equal  in 
magnitude  to  the  sum  of  the  two  to  which  it  is  equivalent. 

We  see  also  that — 

A  rotation  round  any  given  axis  brings  a  body  into  the  same 
position  as  an  equal  rotation  round  a  parallel  axis  through  any 
arbitrary  point,  together  with  a  motion  of  translation. 

Hence  it  appears  that — 

Equal  and  opposite  rotations  effected  successively  round  two 
parallel  axes  A  and  B  are  equivalent  to  a  single  motion  of  trans- 
lation. 

For,  a  rotation  round  A  is  equivalent  to  an  equal  rotation 
round  B,  together  with  a  translation;  therefore  equal  and 
opposite  rotations  round  A  and  B  are  equivalent  to  equal 
and  opposite  rotations  round  B,  together  with  a  translation  ; 
but  equal  and  opposite  rotations  round  B  destroy  each  other ; 
therefore,  &c. 

220.  Composition  of  Velocities. — Hitherto  we  have 
been  considering  displacements  having  a  finite  magnitude. 
In  regard  to  such  displacements  the  order  in  which  the  several 
motions  are  effected  is  of  importance,  and  in  order  to  arrive 
at  definite  results  it  is  necessary  to  specify  whether  the 
successive  axes  of  rotation  are  fixed  in  space  or  in  the  body. 
In  Kinetics,  we  are  for  the  most  part  concerned  not  only  with 
the  initial  and  final  positions  of  a  body,  but  also  with  the 
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mode  in  which  it  passes  from  the  one  position  to  the  other. 
It  becomes  then  necessary  to  consider  the  infinitely  small 
motions  through  which  the  body  assumes  its  successive  posi- 
tions. Displacements  effected  in  the  same  element  of  time 
divided  by  that  element  then  become  velocities,  and  the  com- 
position and  equivalence  of  infinitely  small  displacements  is 
tantamount  to  the  composition  and  equivalence  of  velocities. 

If  the  displacements  received  hy  a  body  be  infinitely  small,  it 
is  indifferent  in  what  order  rotations  are  effected  round  different 
axes  fixed  in  space. 

For,  the  changes  produced  in  the  coordinates  of  any  point 
of  the  body  by  such  a  rotation  are  functions  of  its  amplitude, 
and  of  the  initial  values  of  those  coordinates.  In  the  present 
case  these  changes  are  infinitely  small,  and  therefore  altera- 
tions in  them,  due  to  a  previous  displacement  which  is  itself 
infinitely  small,  are  infinitely  small  quantities  of  the  second 
order. 

Again,  from  similar  considerations,  it  appears  that  it  is 
indifferent  whether  the  axes  be  fixed  in  space  or  axes  fixed  in  the 
body,  tvhose  positions  at  the  commencement  of  the  infinitely  small 
motion  coincide  with  those  of  the  axes  fixed  in  space. 

When  the  order  of  two  displacements  is  indifferent  they 
may  be  regarded  as  simultaneous,  and  if  the  resultant  dis- 
placement be  such  as  to  move  the  body  from  one  position  into 
the  next  successive  position,  it  is  the  actual  motion  of  the  body. 

221.  Motion  of  a  Rigid  Body.— The  theorems  of 
Article  219,  when  applied  to  infinitely  small  motions  of  a 
rigid  body  parallel  to  a  fixed  plane,  give  the  following 
results : — 

(1).  The  motion  of  a  body  parallel  to  a  fixed  plane  con- 
sists at  any  instant  of  a  velocity  of  rotation  w  round  an  axis, 
passing  through  any  arbitrary  point  A  of  the  body,  at  right 
angles  to  the  plane,  and  a  velocity  of  translation  v  parallel  to 
the  plane. 

(2).  At  each  instant  there  is  an  axis,  called  the  instan- 
taneous axis  of  rotation,  which  is  such  that  a  velocity  of 
rotation  to  round  it  represents  the  whole  motion  of  the  body. 

If  r  be  the  distance  from  A  to  this  axis,  and  v  the  velocity 
of  translation  which  the  body  must  be  considered  to  possess 
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when  the  axis  of  rotation  is  regarded  as  passing  through  A^ 
then,  in  order  that  the  axis  should  be  at  rest  at  the  instant,  the 
direction  of  v  must  be  at  right  angles  to  r,  and  we  must  have 
V  =  rui.  We  thus  see,  that  in  a  rigid  body  a  motion  of  rota- 
tion together  with  a  motion  of  translation,  in  a  direction 
perpendicular  to  the  axis  of  rotation,  can  be  compounded  into 
a  motion  which  is  one  of  rotation  solely.  Also,  such  motions 
cannot  be  compounded  into  a  single  rotation  unless  the 
direction  of  the  translation  is  perpendicular  to  the  axis  of 
rotation. 

(3) .  Two  coexisting  velocities  of  rotation  round  parallel 
axes  are  equivalent  to  a  single  velocity  of  rotation,  equal  to 
their  sum,  round  an  axis  parallel  to  the  two  former,  and  di- 
viding the  distance  between  them  inversely  as  the  component 
velocities. 

(4) .  Two  equal  and  opposite  velocities  of  rotation  whose 
common  magnitude  is  w,  round  parallel  axes,  are  equivalent 
to  a  velocity  of  translation,  perpendicular  to  the  plane  of 
the  axes,  whose  magnitude  is  ajw,  where  a  is  the  distance  be- 
tween the  axes. 

We  see  from  what  is  stated  above  that  velocities  of  rota- 
tion round  parallel  axes  are  compounded  like  parallel  forces. 

In  considering  rotations  round  parallel  axes  it  is  necessary 
to  take  into  account  not  only  the  magnitudes  of  the  rotations, 
but  also  their  algebraical  signs,  or  directions.  The  axis  of  rota- 
tion is  supposed  to  be  drawn  from  the  feet  of  the  spectator  to 
his  head,  so  that  in  estimating  rotations  the  axis  points  towards 
the  spectator.  If  two  rotations  round  parallel  axes,  viewed 
from  the  same  side  of  the  plane  perpendicular  to  the  axes,  are 
both  in  the  same  direction,  they  have  like  algebraical  signs. 
The  positive  direction  of  rotation  is  of  course  arbitrary  ;  but  in 
the  application  of  Analytic  Greometry  to  rotational  displace- 
ments it  is  usual  to  regard  rotations  as  positive  which  bring 
a  point — from  the  axis  of  X  positive  to  the  axis  of  T' positive, 
from  Y  positive  to  Z  positive,  and  from  Z  positive  to  X  posi- 
tive. It  follows  from  this,  that  if  the  axes  of  X  and  Y  be 
drawn  in  the  usual  manner,  a  rotation  opposite  in  direction 
to  that  of  the  hands  of  a  watch  is  to  be  regarded  as  positive 
(Art.  87).     Such  a  rotation  is  termed  counter-clockwise. 

s  2 
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222.  Analytical  Treatment  of  the  Hotion  of  a 
Plane  Figure  in  its  own  Plane. — When  a  point  moves 
in  a  circle  whose  centre  is  the  origin,  we  may  assume 

x  =  r  cos  t//,     y  =  r  sin  i^, 

,  dx  .     ,  d\L      dy  ,  d\L 

whence  —  =  -  r  sm  U/  -rf,     —  =  r  cos  u/— ^, 

dt  dt       dt  ^  dt 

.      ...  d\L  dx      .       dy      , 

and  putting        ^  ^  *^»     7f7  ^  ^^    ^  "  ^'  "^^    ^^® 

x  =  -  yu),     y  =  xw,  (1) 

for  the  rotation  of  the  point  xy  round  the  origin. 

Now  let  X,  y  be  the  coordinates  of  a  definite  point  of  a 
plane  figure  referred  to  axes  fixed  in  space  ;  x,  y  those  of  any 
point  of  the  figure  referred  to  the  same  axes ;  ^,  y\  those  of 
the  same  point  of  the  figure  referred  to  axes  fixed  in  the  body 
and  ^meeting  at  the  point  xy\  moreover,  let  the  axis  of  ^ 
make  the  angle  ^  with  the  axis  of  x  ;  then 

x-x  -^-^ cos ;/; -  »j  sim//,     y  =  ^'  +  ^  sin ;//  +  rj  cos  «/», 
i  =  ic'  -  (^  sin  ;//  +  n  cos  ;//)  w 


(2) 
y  =  ^'  +  (S  cos  ^  -  r^  sin  ;//)  (u     ) 
Or, 

x^x  -  {y  -  y)o>,     y  =  y  -^[x-  x)  w.  (3) 

These  equations  show  that  the  velocity  of  the  point  xy  is 
made  up  of  two  parts — one  a  velocity  of  translation,  the  other 
a  velocity  of  rotation,  as  in  (1),  round  an  axis  through  xy. 

For  any  other  definite  point,  x'y"  of  the  figure  we  have, 
in  like  manner, 

i  =  i"-{y-  y")  ^",      y  =  y"  +  (:r  -  x')  u," . 

Equating  these  values  of  x  and  y  to  the  former,  and  compar- 
ing the  results  with  the  equations 

X  ^x    -(y  -y  )uy  ,     y  =y    ^[x  -  x'')  u/\ 
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we  see  that  w"  =  w,  or  the  velocity  of  rotation  to  be  attributed 
to  the  body,  is  the  same  whatever  be  the  point  through  which 
the  axis  of  rotation  is  supposed  to  pass. 

223.  Instantaneous  Centre,  Body  Centrode,  Space 
Centrode. — If  we  put  i  =  0,  ^  =  0  in  equations  (2),  we  get 
the  coordinates  of  the  instantaneous  centre  of  rotation,  referred 
to  axes  fixed  in  the  body.  In  like  manner  equations  (3)  give 
the  coordinates  of  the  same  point  referred  to  axes  fixed  in 
space.  If  we  call  the  coordinates  of  the  instantaneous  centre 
^0,  vo ;  (^0,  yo,  respectively,  we  have 

?o  =  -  {^'  sin  \p  -ij' cos  ^),  i?o  =  -  (i^'  cos  t//  +  y  sin  i//) ,    (4) 
Xo=-x  -  -  y ,  yo^y  ^--x.  (5) 

If  X,  y\  (jjf  and  \p  are  known  functions  of  the  time  ty 
we  can  find  from  equations  (4),  by  eliminating  t,  the  path 
described  in  the  body  by  the  instantaneous  centre. 

From  equations  (5)  we  can  find  in  the  same  manner  the 
path  described  by  the  instantaneous  centre  in  space. 

The  former  of  these  curves  is  called  the  body  centrode,  the 
latter  the  space  centrode. 

The  student  must  carefully  distinguish  between  the  in- 
stantaneous centre  and  the  point  of  the  body  which  coincides 
with  it  at  any  instant.  The  latter  has  no  velocity  at  the 
instant  either  in  space  or  in  the  body ;  the  former  (the 
instantaneous  centre)  has  in  general  a  velocity  both  in  space 
and  in  the  body. 

224.  Pure  Rolling. — In  pure  rolling  the  points  of  one 
curve  or  surface  come  into  contact  successively  with  those  of 
another,  the  relative  tangential  velocity  of  the  points  of  con- 
tact being  zero.  If  one  curve  or  surface  be  fixed  in  space, 
the  motion  of  the  other  consists  of  a  series  of  rotations  round 
axes  through  the  successive  points  of  contact  {Differential 
Calculus,  Art.  295).  In  the  case  of  one  plane  curve  rolling 
on  another,  this  appears  as  follows  :  — 
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Let  QQ'  be  the  curve  fixed  in  space,  and  PP^  the  one 
which  rolls  on  it,  P,  P'  being 
two  consecutive  points  on  the 
latter.  By  hypothesis,  P  has 
no  velocity  along  the  tangent  at 
Q,  and  at  the  end  of  an  infi- 
nitely short  time  P'  coincides 
with  Q\  and  the  distance  between  P  and  Q  is  then  an  infi- 
nitely small  quantity  of  the  second  order.  Hence,  while 
other  points  of  the  body  have  received  infinitely  small  dis- 
placements of  the  first  order,  P  has  received  one  of  the 
second  order,  and  has,  therefore,  no  velocity  in  any  direc- 
tion. Hence,  during  the  instant  under  consideration,  the 
body  must  be  rotating  round  an  axis  through  P  (Art.  217). 
It  is  obvious  that  the  acceleration  of  P  in  the  direction  of  the 
tangent  at  Q  is  zero ;  and  it  can  be  easily  seen  that  its  acce- 
leration in  the  direction  of  the  normal  is  in  general  finite, 
and  equal  in  magnitude  to  Z7(o,  where  w  is  the  angular  velo- 
city of  the  body,  and  U  is  the  velocity  of  the  instantaneous 
centre  of  rotation,  this  point  having  moved  during  the  instant 
from  Q  to  Q'  in  space,  and  from  P  to  P'  in  the  body. 

225.  Oeometrical  Representation  of  the  Motion 
of  a  Body  moving  Parallel  to  a  Fixed  Plane. — When 
a  body  is  moving  parallel  to  a  fixed  plane,  if  we  can  deter- 
mine the  space  ceutrode  and  the  body  centrode,  the  motion  of 
the  body  is  completely  determined,  as  it  consists  of  the 
rolling,  without  slipping,  of  the  body  centrode  on  the  space 
centrode. 

The  geometrical  applications  of  the  principles  laid  down 
in  the  present  and  preceding  Articles  are  numerous  and  im- 
portant ;  but  as  they  do  not  fall  within  the  scope  of  the 
present  treatise,  the  reader  is  referred  for  them  to  Chap.  xix. 
of  the  Differential  Calculus,  and  to  Minchin's  Uniplanar  Kine- 
matics, Chap.  III. 

226.  Telocity  of  any  Oiven  Point  of  a  Body. — In 

Kinetics  the  motion  of  a  body  is  usually  regarded  as  made  up 
of  a  motion  of  translation  v,  and  a  motion  of  rotation  w,  round 
an  axis  through  the  centre  of  inertia  G,  It  is  sometimes 
important  to  determine  the  velocity  of  a  given  point  A  of  the 
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body.     In  tlie  case  of  motion  parallel  to  a  fixed  plane  this  is 
readily  done  analytically  by  equations  (3). 

Otherwise,  geometrically : — l^ip  be  the  distance  from  A  to 
the  axis  of  rotation  through  G,  then,  owing  to  the  rotation, 
A  has  a  velocity  pio  perpendicular  to  the  plane  passing 
through  A  and  the  axis  of  rotation,  and  this,  combined  with 
the  velocity  of  translation  v,  gives  the  velocity  of  A. 

Examples. 

1.  Show  directly  that  if  a  hody  have  two  equal  and  opposite  velocities  of 
rotation  round  two  parallel  axes,  the  velocity  of  any  point  is  at  right  angles  to 
the  plane  containing  the  parallel  axes,  and  is  equal  to  the  distance  between  the 
axes  multiplied  by  the  angular  velocity. 

Draw  a  plane  through  the  point  at  right  angles  to  the  two  parallel  axes. 
Describe  round  the  axes  circles  passing  through  the  point.  The  component 
velocities  of  the  point  are  perpendicular  and  proportional  to  the  radii  of  these 
circles,  and  the  resultant  velocity  is,  therefore,  in  the  direction  of  the  common 
chord,  and  proportional  to  the  line  joining  the  centres. 

2.  Prove  that  a  velocity  of  rotation  round  any  axis  is  equivalent  to  an  equal 
velocity  of  rotation  w  round  a  parallel  axis,  together  with  a  velocity  of  transla- 
tion wa  along  a  line  at  right  angles  to  the  plane  containing  the  axes,  the  distance 
between  which  is  a. 

3.  A  body  receives,  in  a  given  order,  finite  rotations  round  two  parallel 
axes  fixed  in  space,  Deteimine  the  magnitude  of  the  equivalent  rotation,  and 
the  position  of  its  axis. 

4.  If  the  parallel  axes  round  which  the  body  receives  successive  rotations  be 
fixed  not  in  space  but  in  the  body,  determine  the  single  rotation  which  would 
bring  the  body  into  the  same  position. 

li  A,  B  are  the  intersections  of  the  axes^xed  in  space,  with  a  plane  at  right 


angles,  H  that  of  the  resultant  axis,  and  o,  /3,  Xj  the  magnitudes  of  the  rotations 
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round  them,  then  BAR  =  —  |  o,  ABlt  =  |  )3,  and  the  resultant  rotation  x  =  «  +  )8> 
or,  (o  -  )8),  according  as  o  and  iSare  in  the  same  or  opposite  directions.  In  the 
latter  case  its  direction  is  the  same  as  the  greater  of  the  two.  If  A  and  B'  are 
the  positions  of  the  axes  fixed  in  the  hody,  B'AR  =  ^a,  AB'R  =  —  \fi. 

5.  Two  equal  and  opposite  finite  rotations  round  parallel  axes  hring  a  body 
into  the  same  position  as  a  single  motion  of  translation.  Determine  the  direc- 
tion and  magnitude  of  this  translation. 

The  direction  of  translation  is  at  right  angles  to  a  line  which  makes  with 
AB  or  AB'  an  angle  equal  to  —  ^  a,  or  \  o,  and  the  magnitude  of  the  translation 
=  2AB  sin  \  a,  or,  2AB'  sin  |  o. 

6.  If  the  direction  of  the  motion  of  each  point  of  a  hody  be  always  parallel 
to  a  fixed  plane,  the  motion  is  equivalent  to  a  succession  of  rotations  round  the 
generating  lines  of  a  cylinder  fixed  in  space,  which  is  at  right  angles  to  the  fixed 
plane. 

7.  A  plane  area  receives  a  motion  of  translation  in  its  own  plane  whose  com- 
ponents, parallel  to  the  axes,  are  a  and  b  ;  and  a  rotation  Q  round  the  point  in  the 
body  which,  at  the  beginning  of  the  motion,  coincides  jwith  the  fixed  origin. 
Determine  the  coordinates  of  the  point,  a  rotation  round  which  would  bring  the 
body  into  the  same  position. 

a  sm\e  —  b  coBhd  bsin^e  -\-  a  cob^O 

^"'■"^ 2ri^i5 '     ^=  2smia  • 

8.  Show  from  these  expressions  that  the  amplitude  of  the  rotation  is  the 
same  as  before.  

If  ^  be  the  amplitude,     sin  J^  =  h^TZ — 2  ~  sin|j0;     .-.  ^  =  9. 

9.  ABCD  is  a  frame  composed  of  three  bars  connected  by  joints  at  B  and 
C.  It  is  capable  of  moving  in  one  plane,  the  points  A  and  D  being  fixed. 
Determine  the  relation  between  the  angular  velocities  of  AB  and  JDC. 


D 

At  any  instant  B  is  moving  in  a  circle  round  A,  orjat  right  angles  to  AB  ; 
and  Cat  right  angles  to  DC.  Hence  the  instantaneous  centre  of  rotation  of  BG 
is  0,  the  point  of  intersection  oiAB  and  CD  ;  wherefore  AB  .wi^OB.co,  and 

DC .  U2  =  OC.b) ;  hence  —  =  ——  .  — —  (Thomson  and  Tait). 
wz      AB     CO 

10.  A  bar  AB  moves  in  one  plane  with  given  angular  velocity  round  A, 
while  at  B  it  is  freely  jointed  to  another  bar  BC,  whose  extremity  Cis  con- 
strained to  move  along  a  fixed  straight  groove  passing  through  A ;  find  the 
velocity  of  G  in  any  position. 
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Draw  a  perpendicular  to  AC  dX  (7,  and  let  it  meet  AB  in  0  ;  then  0  is  the 
instantaneous  centre  of  rotation  of  BC.     li  v  be  the  velocity  of  C,  and  a  the 

OG 
angular  velocity  of  AB,  v  =  AB  •  771; .  «  =  AP.  as,  where  ^Pis  drawn  at  right 

OB 

angles  to  ^Cto  meet  BGiu  T.  For  the  further  discussion  of  this  question  the 
reader  is  referred  to  Minchin,  Tlniplanar  Kinematics,  p.  47,  or  Goodeve, 
Elements  of  Mechanism,  Chap.  i.  The  arrangement  of  machinery  mentioned  in 
this  example  is  called  the  crank  and  connecting  rod. 

11.  A  bar  moves  in  a  horizontal  plane  with  uniform  angular  velocity  round 
one  extremity.  To  the  other  extremity  a  horizontal  circle  is  attached.  If  the 
circle  be  regarded  as  rotating  round  its  centre,  what  additional  motion  must  it  he 
considered  to  have  ? 

A  velocity  of  translation  at  right  angles  to  the  bar,  and  equal  to  aoa,  where  a 
is  the  distance  of  the  centre  of  the  circle  from  the  fixed  end  of  the  bar,  and  co  the 
angular  velocity. 

12.  If  two  definite  points  of  a  plane  figure  are  constrained  to  move  along 
two  straight  lines  in  its  plane,  which  are  fixed  in  space,  the  space  centrode  and 
the  body  centrode  are  circles,  the  former  being  double  the  latter  [Differential 
Calculus,  Art.  295). 

13.  In  Peaucellier's  arrangement  find  the  relation  between  the  velocity  of 
the  point  describing  the  straight  line  and  that  of  one  of  the  adjacent  corners  of 
the  parallelogram. 

M.  Peaucellier,  in  1864,  first  succeeded  in  transforming  circular  into  recti- 
linear motion  by  the  following  arrangement : — A  and  B  are  fixed  points ;  AP 
and  AQ  are  two  equal  bars  which  can  turn  freely  round  A  ;  BR  is  another  bar 
turning  freely  round  B,  and  equal  in  length  to  AB ;  QEPX  is  a  jointed 
parallelogram  composed  of  four  equal  bars  turning  freely  round  their  points  of 
intersection.  If  a  motion  be  imparted  to  the  system,  the  points  P,  Q,  R  describe 
circles.     That  the  point  X  describes  a  straight  line  may  be  shown  as  f  oUows  : — 

In  any  position  of  the  system,  since  L  PPX  =  L  QBX,  and  Z.  PPA  =  L  QRA^ 
XR  and  RA  are  in  one  straight  line ;  then  XPR  being  an  isosceles  triangle,  and 


PA  a  Hne  drawn  from  the  vertex  to  the  base,  AR .  AX  =  AP^-RP^  =  const. ; 
wherefore  X  describes  a  curve  which  is  the  inverse,  with  respect  to  A  as  origin. 
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of  that  described  by*^.     Now  the  point  R  describes  a  circle  which  passes  through 
A  ;  hence  X  describes  a  straight  line,  perpendicular  to  AB  at  the  point  S,  where 

AS.AD  =  AF^  -  BI^. 

We  proceed  to  find  the  relation  between  the  velocities  of  F  and  X.  Draw 
XO  at  right  angles  to  SX  ;  then  0  is  the  instantaneous  centre  of  rotation  of  the 
bar  FX. 


Let  AF  =  a,  FX  =  b,  BR  (in  former  figure)  =  c ;  then  a  being  the  angular 
velocity  of  AF,  a  that  of  FX,  and  v  the  velocity  of  Z ;  we  have,  since  0  is  the 
instantaneous  centre, 

v  =  OX,  a/,  and  OF  .a>' =  AF .  a; 
therefore 

OX 
v  =  -—.AF.<i)  =  AT.w. 

Again,  if 

FAT=  e,  FTA  =  (p,  we  have  AT  =  a  sin  0  (cot  d  +  cot  <p) ; 

therefore 

«;  =  a  sin  0  (cot  B  +  cot  (p)  w, 

where  ^  is  given  by  the  equation 

a  cos  0  ■{■  0  cos  d)  = . 

2c 

14.  A  plane  area  is  moving  in  its  own  plane ;  determine  the  accelerations  of 
any  point  in  it  parallel  to  the  tangent  and  the  normal  to  the  space  centrode  at 
the  instantaneous  centre  of  rotation. 

Let  xq,  yo  be  the  coordinates  of  a  point  fixed  in  the  lamina,  |,  rj  those  of 
any  point  in  it  referred  to  xq,  yo  as  origin,  and  to  axes  parallel  to  those  oi  x,  y; 
then 

d^  d-ri 

-  =  -,„,  -  =  j„, 

it)  being  the  angular  velocity  of  the  body ;  whence 
dx      dxQ 

dy      dyo 
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1^  ~  ~w  ~  '^  ^ "  5r ''' 

d'^y  _  d^Q  ,  ^  t  _    2 
df'   ~   dfi        dt^      '*'''' 

Call  the  centrode  fixed  in  space  C,  that  fixed  in  the  body,  r.  ^  The  velocity 
of  the  point  0  of  the  body  which  coincides  at  any  instant  with  the  instantaneous 
centre  of  rotation  is  zero.  At  the  next  instant  the  instantaneous  centre  of  rota- 
tion has  moved  to  the  consecutive  position  on  each  of  the  curves  G  and  r.  At 
the  end  of  this  instant  Ohas  a  velocity  in  tbe  normal  to  C  equal  to  TIw,  where  J,  /' 
are  consecutive  positions  of  the  instantaneous  centre  on  the  tangent  to  C.  Hence 
the  acceleration  of  0  along  the  tangent  to  C  is  zero,  and  along  the  normal  to  C 

is  a>2  — ,  if  we  put  /'/=  dff,  and  w  =  -r-'     Now  if  p  and  p  be  the  radii  of  cur- 
do  dt 

vature  of  C  and  r,  and,  if  we  put  — =  -7;?  it  is  easily  seen  that  3-  =  — . 

p       p      M  da      It 

Hence,  if  xqi/q  coincide  with  0,  and  we  take  as  axes  the  tangent  and  normal 

to  (7,  we  have 

d'^x  dca 


d(M} 


X 


dfi-'^'^'^Tt"-"'"-  1' 


15.  Determine  the  points  of  the  body  which  have  at  any  instant  (I)  no 
acceleration  parallel  to  the  tangent  to  C  at  the  instantaneous  centre  of  rotation  ; 
(2)  no  acceleration  parallel  to  the  normal. 

These  points  consist  of  two  straight  lines  in  the  body  at  right  angles  to  each 
other,  the  first  of  which  passes  through  the  instantaneous  centre  of  rotation. 

16.  Determine  at  any  instant  the  position  of  the  point  in  the  body  having 
no  acceleration. 

It  is  the  intersection  of  the  two  lines  mentioned  in  the  last  example. 

If  a  be  the  angle  which  the  line  of  non-taugential  acceleration  (Ex.  15) 
makes  with  the  axis  of  x,  the  coordinates  of  this  point  may  be  expressed  in  the 
form 

I  =  i2  sin  a  cos  o,     7)  =  R  sin^a. 

These  expressions  readily  follow  from  the  equations  of  Ex.  14.     This  point  is 
called  the  acceleration-centre. 

17.  The  acceleration  of  any  point  of  the  body  is  the  same  as  if  the  body  were 
turning  round  the  acceleration- centre  as  an  absolutely  Jixed  point. 

18.  All  points  of  the  body  which  have  a  common  acceleration  lie  on  a  circle 
having  the  acceleration- centre  as  centre. 

19.  Find  the  points  of  the  body  for  which  the  acceleration  normal  to  the 
path  described  by  the  point  is  zero. 

Take  the  centre  of  rotation  as  origin  of  ^rj ;  any  point  is  describing  a  circle 
round  it ;  hence  the  line  joining  the  origin  to  |rj  is  the  normal  to  the  path  of 
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the  latter;  and  if  iV  be  the  normal  acceleration,  and  r  the  distance  from  the  in- 
stantaneous centre  of  rotation, 

r  \  dt     I        r   \  dt  /  r  r 

Hence,  at  any  instant,  the  points  for  which  iV  =  0  lie  on  the  circle 

e  +  V^^  lit}- 

This  circle  passes  through  the  instantaneous  centre  of  rotation,  touches  the 
curve  C,  and  has  a  radius  =  ^R.  For  the  reason  stated  in  Ex.  21  it  is  called 
the  circle  of  inflexions. — Differential  Calculus^  Art.  290. 

20-  Determine  the  points  of  the  system  for  which  the  acceleration  along  the 
path  is  zero. 

They  lie  on  a  circle  whose  equation,  referred  to  the  centre  of  rotation  as 
origin,  is 

^(l^  +  r,2)  +  a,2i2|=0, 

and  which  passes  through  the  instantaneous  centre  of  rotation  and  cuts  the 
curve  C  orthogonally. 

The  theorems  of  the  last  two  examples  are  due  to  Bresse  [Journal  de  Vecole 
poly  technique  f  t.  xx.). 

21.  Determine  at  any  instant  the  points  of  the  body  which  are  passing  over 
points  of  inflexion  on  their  respective  paths. 

They  are  the  points  having  no  normal  acceleration  (Ex.  19) ;  for,  as  —  is 

P 
then  zero,  and  v  not  zero,  p  must  be  infinite. 

22.  Determine  the  coordinates  of  the  acceleration  centre  referred — (1)  to  axes 
fixed  in  space  ;  (2)  to  axes  fixed  in  the  body  {see  Article  223). 

Let  x\,  2^1,  |],  7J1  be  the  coordinates  in  question,  then,  x',  y'  being  the  space- 
coordinates  of  the  point  of  intersection  of  the  body-axes,  we  have 

{a)2  +  ft,4|  ^^j  _  a;')  =  -  a>  y'  +  u>^  ic', 

{a>'^  +  «*}  (^1  —y')  =  <ao^-\-  (tP'y't 

{ «2  +  o)* }  |i  =  a>  (a?'  sin  »//  -  y'  cos  ^)  +  w^  [x'  cos  -i/  +  «/'  sin "i/), 

{(i^  +  oj*}  7J1  =  a»  {x  COS  ^  +  y  sin  -i^)  —  vP"  {x  sin  ^  —  y'  cos  ^p). 

Section  II. — Kinetics. — Constrained  Motion, 

227.  iSpecial  Cases  of  Motion.  Degrees  of 
Freedom. — In  order  to  transform  the  general  equations  of 
motion  in  such  a  way  as  to  be  of  use  in  particular  problems, 
it  is  necessary  to  know  something  of  the  special  conditions  of 
the  problem  which  it  is  required  to  solve. 

We  have  seen  in  Article  214  that  six  conditions  are  re- 
quired to  fix  the  position  of  a  rigid  body,  and  we  have  found 
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accordingly  six  equations  of  motion  for  a  body  perfectly  free. 
Such  a  body  is  said  to  have  six  degrees  of  freedom  (Art.  215). 
We  have  obtained  the  equations  for  this  case  in  their  most 
general  form  (Art.  204),  but  we  shall  now  adopt  the  reverse 
method  of  procedure,  and  consider  the  special  equations  to  be 
employed  for  a  body  having  one  degree  of  freedom. 

228.  One  Degree  of  Freedom. — A  body  is  said  to 
have  one  degree  of  freedom  when  its  position  is  limited  in 
such  a  way  as  to  depend  on  a  single  indeterminate  quantity. 
It  will  be  shown  subsequently  that  the  variations  of  the  co- 
ordinates of  any  point  of  a  body  entirely  free  are  linear  func- 
tions of  six  undetermined  quantities.  If  these  six  quantities 
are  connected  together  in  such  a  way  that  one  being  given 
all  the  rest  are  determined,  the  body  has  one  degree  of 
freedom. 

The  simplest  cases  of  one  degree  of  freedom  occur  when 
some  of  the  six  undetermined  displacements  are  zero.  We 
shall  consider  here  only  two  cases. 

(1).  If  the  motion  of  the  body  be  limited  to  a  series  of 
pure  translations,  and  the  path  of  one  of  its  points  be  as- 
signed. 

(2)  If  the  motion  of  the  body  be  limited  to  a  rotation 
round  an  axis  fixed  in  space. 

In  the  first  case  the  problem  is  readily  reducible  to  that 
of  the  constrained  motion  of  a  particle. 

This  reduction  is  most  easily  effected  by  employing 
D'Alembert's  Principle  as  expressed  by  Lagrange.  In  fact 
we  have 

Now,  by  the  conditions"  of  the  question,  ^x,  ^y,  ^z  must  be 
the  same  for  every  point  of  the  body,  and  ds  being  the  arc 
of  the  curve  described  by  the  centre  of  inertia, 

5.       dx  ^        ^       dy  ^       ^       dz  -, 
Bx=  -  Ss,     gy  = :/  ds,     ^2  =  -  Ss. 
ds  ds  ds 
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Making  these  substitutions,  we  obtain  the  single  equation  of 
motion, 

/  _     d^xX  dx      /  _     d'^y\  dy     ( „     ^^s\  dz 

or,  as  d^  =  dx^  +  dy^  +  dz^^ 

we  have  finally,  if  we  put  50^  for  the  whole  mass  of  the  body, 

a»S  =  s,  (1) 

where  B  is  the  sum  of  the  components  of  all  the  applied 
forces  along  the  tangent  to  the  path  of  the  centre  of  inertia ; 
but  this  is  obviously  the  equation  required  for  determining 
the  constrained  motion  of  a  particle. 

229.  notion  of  a  Body  round  an  JLxis  fixed  in 
Space. — The  condition  of  equilibrium  of  a  rigid  body  having 
a  fixed  axis  is,  that  the  moment  of  the  forces  round  this  axis 
should  be  zero.  Take  the  fixed  axis  as  axis  of  x^  then  the 
single  equation  of  motion  is  the  first  of  equations  (18)  or 
(16),  Art.  204,  according  as  the  forces  acting  on  the  body 
are  impulsive  or  continuous.  Adopting  the  notation  of  Art. 
210,  the  equation  of  motion  is  thus  : 

Let  2^  be  the  perpendicular  on  the  axis  from  any  point  P  of 
the  body,  w  its  angular  velocity  at  any  instant,  and  /  its 
moment  of  inertia  round  the  axis;  then,  since  pw  is  the 
velocity  of  the  particle  P,  its  moment  of  momentum  is  wjo'^w, 
and  E-i  =  uj'^mp^  =  lu).  Substituting  this  value  for  Hi,  and 
remembering  that  /  is  constant,  we  obtain  as  the  equation  of 
motion  in  the  case  of  impulses 

I{u)  -  io')  =  i,  (2) 
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and  in  the  case  of  continuous  forces 

/J  =  X.  (3) 

Equation  (3)  was  obtained  before  in  Art.  138  by  a  different 
method. 

230.  Equation  of  ¥is  Tiva  for  a  Body  moving 
round  a  Fixed  Axis.. — The  expression  for  the  vis  viva  of  a 
body  moving  round  a  fixed  axis  has  been  given  already, 
Art.  133.  If  we  take  the  fixed  axis  for  the  axis  of  x,  we 
have,  as  the  equation  of  vis  viva, 

lio""  =  2S/  ( Ydy  +  Zdz)  +  c.  (4) 


Examples. 

1 .  To  the  ends  of  a  thin  light  piece  of  wood  are  fastened  spheres  of  lead 
whose  masses  are  F  and  P'.  The  piece  of  wood  turns  on  a  horizontal  axis 
through  its  middle  point.  Its  length  being  21,  and  its  mass  negligible,  deter- 
mine the  time  of  a  small  oscillation,  the  spheres  being  so  small  that  the  squares 
of  their  radii  are  negligible  as  compared  with  I. 


4-r^ 


Ans.  ttJI  •^/:LJ__. 


By  changing  P,  and  comparing  the  times  of  oscillation,  an  apparatus  of  the  kind 
mentioned  can  be  used  to  verify  the  Laws  of  Motion. 

2.  A  heavy  pendulum,  capable  of  revolving  round  a  horizontal  axis,  is 
struck  when  at  rest  by  a  bullet  moving  in  a  horizontal  direction  at  right  angles 
to  the  fixed  axis.  The  bullet  remains  in  the  pendulum.  If  b  be  the  distance 
of  the  extremity  of  the  pendulum  from  the  axis,  e  the  distance  traversed  by  that 
extremity  under  the  influence  of  the  shot,  a  the  distance  from  the  axis  at 
which  the  bullet  penetrates,  v  the  velocity  of  the  bullet  at  impact,  m  its  mass, 
M  that  of  the  pendulum,  k  its  radius  of  gyration  round  the  fixed  axis,  and  p  the 
distance  of  the  latter  from  the  centre  of  inertia ;  prove  that 

V  =  —  V  {g{Mk^  +  ma'^){Mp  +  ma) } . 

A  pendulum  such  as  that  described  above  is  called  a  Ballistic  Pendulum.  It 
has  been  employed  by  numerous  Physicists  to  determine  the  velocity  of  bullets. 

3.  A  plane  area  is  made  to  rotate  with  an  angular  velocity  w'  round  a  fixed 
axis  in  its  own  plane  by  the  expenditure  of  a  given  amount  of  work.  When 
rotating  it  strikes  a  sphere  of  mass  m,  at  a  distance  a  from  the  fixed  axis,  whose 


272     Constrained  Motion  of  Rigid  Body  Parallel  to  Fixed  Plane. 

velocity  at  the  instant  of  impact  is  zero.  Determine  the  moment  of  inertia  of 
the  plane  area  round  the  fixed  axis  in  order  that  the  velocity  imparted  to  the 
sphere  should  be  a  maximum. 

If  iJbe  the  impulse  on  the  sphere  in  the  first  period  of  impact,  vits  velocity, 
and  (t>  the  angular  velocity  of  the  lamina  at  the  end  of  this  period, 

mv  =  -R,     I{(a  -«')=  —  aR,     aa  =  «?, 

mal(a' 


whence  R 


I-\-  ma?'' 


The  whole  impulse  given  to  the  sphere  is  (1  +  e)R.     Hence  R  is  to  he  a  maxi- 

mimi ;  but  lu)"^  =  given  constant ;  therefore  •= r,  =  maximum  ;  and  therefore 

I+ma- 

J  =  ma^. 

4.  In  Atwood's  machine,  if  the  pulley  be  not  perfectly  rough,  and  slipping 
takes  place,  determine  the  motion  :  the  weight  of  the  rope  and  the  friction  of 
the  pulley  on  the  axle  being  neglected. 

If  an  acceleration  equal  and  opposite  to  that  by  which  it  is  actually  animated 
were  applied  to  each  element  of  the  string  it  would  be  in  equilibrium  ;  but  the 
mass  of  the  string  being  negligible,  the  force  corresponding  to  this  acceleration 
is  zero  q.p.  Hence  the  other  forces  acting  on  the  element  of  the  string  are  in 
equilibrium,  and  fi  being  the  coefficient  of  friction,  and  T,  T  the  tensions  of 
the  two  ends  of  the  rope  (Minchin,  Statics),  T  =  T^"'*'^  =  \T. 

If  z  be  the  height  from  the  ground  of  the  ascending  weight  W,  Jf  the  mass 
of  the  pulley,  ^its  radius  of  gyration,  a  its  radius,  d  the  angle  through  which  it 
has  turned,  we  have  also 

T'  -  W"        cC^z      W-  T 


9  =  -JT^  = 


W     "     df^         W 


Mr^~  =  a{T-T% 


If  the  puUey  be  homogeneous,  Ic^  =  — ,  and  we  have  fir»Uy, 


T  = 


2WW'       dH      \W-  W 


kW+W     dt^      \JF+  W'^' 


df^       ^         '  M{kW+  W'Y 

5.  Taking  into  account  the  friction  on  the  axle,  and  supposing  the  outside  of 
the  pulley  to  be  perfectly  rough,  and  the  inside  to  slip  on  the  axle,  determine 
the  motion. 

The  mass  of  the  string  being  neglected,  we  may,  as  in  the  last  example, 
regard  it  as  acted  on  by  a  system  of  forces  in  equilibrium.  Hence  (as  this 
equilibrium  would  not  be  disturbed  if  the  string  were  rigid)  the  tensions  Tand 
T'  at  its  extremities  must  equilibrate  the  pressure  and  friction  exerted  by  the 
pulley  against  the  string  ;  and,  conversely,  T  and  T  must  be  equivalent  to  the 
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pressure  and  friction  exerted  by  the  string  against  the  pulley.  Hence  we  may- 
consider  the  pulley  as  acted  on  by  the  forces  T,  T',  and  its  own  weight ;  and  if 
Pbe  the  horizontal,  and  Q  the  vertical,  pressure  on  the  axle,  and  /*  the  coefficient 
of  friction,  since  the  centre  of  inertia  of  the  pulley  is  at  rest,  we  have  (Art.  206), 
P=  fxQ,  Q  =  T  +  T'  +  Mg  —  /xF.  The  moment  of  the  couple  resulting  from 
the  friction  is  /x  (P  +  Q)  a,  where  a  is  the  radius  of  the  axle,  and  may  therefore 
be  written  in  the  form  fi{T+  T  +  Mg),  where  {\  ^  y?)  ^  ^  it.{\  ^  fi)  a. 

d~e 
Substituting  for  the  equation    Mk^  -—  =  a{T-T')  of  Ex.  4, 

dt" 

the  equation  Mk'^^  =  a(T-  T)  -fi{T+T'  +  Mg); 

nd  remembering  that  as  the  pulley  is  perfectly  rough,  a  —  =  — ,  we  obtain,  if 
we  put  V  =  —  and  assume  that  k'^  =  '^i 

{l  +  2v)Mg  +  A{l+v)W' 
Mg-\-2{l-v)W+'i{l  +  v)W''     ' 

{l-2v)Mg  +  4.{l-v)W 
Mg+2{l-v)W+2{\-rv)W'        ' 

€Pz      {I-  v)  W-  (1  +  v)W'-  vMg 
d^  ~  {\-v)  JF+  (1  +  v)W'  +  ^Mg'^' 

6.  If  the  pulley  be  not  perfectly  rough,  and  slipping  of  the  string  on  the 
pulley  takes  place,  determine  the  motion,  taking  into  account  the  friction  on  the 
axle,  and  supposing  the  inside  of  the  pulley  to  slip  as  before. 

In  this  case,  as  in  Ex.  4,  the  acceleration  of  the  weights  is  quite  independent 
of  the  mass  and  size  of  the  pulley,  and  we  have 

„       2WJF'  dh     \W-  W 


\W+W"  '     dt^     \W+W 

d^  _  U{\-v-\{\-^v)WW' 


-  .  2i/ 

di"^       (       Mg{\TF+W') 


231.  INEoiiieiits  of  momeiituiu  of  Body  having  fixed 
Axis. — The  expression  for  the  moment  of  momentum  of  a 
rigid  body  round  an  axis  fixed  in  space  was  found  in  Art. 
229.  Adopting  the  notation  of  that  article,  we  shall  now,  by 
a  more  general  method,  obtain  expressions  for  the  moments 
of  momentum  round  each  of  the  three  coordinate  axes. 
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We  have  (Art.  222),  since  the  body  is  supposed  to  be 
rotating  round  the  axis  of  sc, 

X  =  0,     y  =  -  Z(i),     z  =  y(jj\ 

whence  by  (22),  Art.  210, 

JTi  =  (u2m  [y"^  +  s^),     II.  =  -  lo^mxy,     IT^  =  -  w2m.rs.     (5) 

Also,  by  differentiation,  and  substitution  of  their  values  for 
Xy  y,  and  z,  we  obtain 


(6) 


If  the  axis  of  rotation  be  a  principal  axis  for  the  origin, 
equations  (5)  and  (6)  become  ^ 

^.  =  ^..^.-0,^3-0,f  =  ^J,f^=0,f=  =  0,    (7) 

where  A  is  the  moment  of  inertia  of  the  body  round  the 
fixed  axis. 

232.  Acceleration  of  any  Point  of  a  Body  havini^ 
a  Fixed  Axis. — If  we  differentiate  the  expression  for  x,  y, 
and  z  given  in  Art.  231,  and  then  substitute  in  the  results 
thus  obtained  the  values  of  x,  y,  z  already  employed,  we  get 

X  =  0,     y  =  -  (bz  -  (o^yy     z  =  cby  -  lo^z.  (8) 

233.  Stresses  on  the  Axis  of  Rotation. — We  have 
seen  that  D'Alembert's  Principle  furnishes  at  once  the  single 
equation  of  motion  which  is  required  to  determine  the  velo- 
city and  position  of  a  body  rotating  round  a  fixed  axis.  The 
same  principle  enables  us  to  write  down  the  equations  which 
are  required  to  determine  the  stresses  on  the  axis. 


dH, 

dt 

JM2/^  +  z^), 

dH^ 

dt 

dt 

dRs 

dt 

d(o  ^              o_^ 
-  — -  ^mxz  -  (sf'Zmxy 
dt                              -J 
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In  order  to  determine  these  stresses,  we  may  regard  the 
body  as  compelled  to  rotate  round  the  fixed  axis  by  forces 
acting  on  the  body  at  any  two  points  on  the  axis.  The  body 
is  then  to  be  considered  free,  but  the  magnitude  of  the  forces 
replacing  the  constraints  is  such  as  to  compel  the  body  to 
rotate  round  the  given  axis. 

These  forces  are  obviously  equivalent  to  a  single  force 
passing  through  the  origin,  and  a  couple  whose  axis  is  per- 
pendicular to  the  fixed  axis. 

The  stresses  on  the  axis  are  equal  and  opposite  to  the 
forces  by  which  we  have  supposed  the  axis  to  be  replaced. 

234.  Stresses  due  to  Impulses. — In  this  case  we  shall 
suppose  the  stresses  to  consist  of  an  impulse  passing  through 
the  origin  whose  components  are  Xo,  Yo,  Zo,  together  with 
an  impulsive  couple  whose  components  round  the  axes  of 
y  and  s  are  Mo  and  iVo. 

If  we  suppose  the  body  to  start  from  rest,  equations  (17) 
and  (18),  Art.  204,  become,  by  Art.  231, 

2X-Zo  =  :§wi  =  0,  \ 

^Y-  Yo  =  ^m^  =  -io^mz  =  -  loWtzAy  (9) 

^Z  -  Zo  =  %mz  =     (o%my=      loWy  / 

L  =  (D^m  {y^  +  %^)  =  /w,  \ 
M-M,^-i^%mxy,      (•  (1^) 

N -  Nq  =  -  iS%mxz       J 

When  (jj  has  been  found  from  the  first  of  equations  (10)  the 
remaining  five  equations  determine  the  stresses. 

If  the  fixed  axis  be  a  principal  axis  at  the  origin  the  last 
two  equations  become 

4f-Jfo  =  0,    Ar-Aro  =  0. 

Hence,  if  a  body  having  a  fixed  axis,  which  is  a  principal 
axis  for  one  of  its  points,  be  set  in  motion  by  an  impulsive 
couple  whose  plane  is  perpendicular  to  the  axis,  there  is  no 
impulsive  stress  couple. 

t2 
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From  this  we  infer,  that  if  a  body,  having  a  fixed  point 
0,  be  acted  on  by  an  impulsive  couple  in  one  of  the  principal 
planes  at  0,  it  will  commence  to  turn  round  the  axis  perpen- 
dicular to  the  plane  of  the  impulsive  couple.  Again,  if  the 
body  be  acted  on  by  an  impulse  whose  line  of  direction  is 
situated  in  one  of  the  principal  planes  at  0,  it  will  commence 
to  turn  round  the  normal  to  this  plane. 

For  di.free  body,  likewise,  having  0  for  its  centre  of  inertia, 
these  results  are  true ;  but,  in  the  case  of  the  second,  the  body 
has  also  an  initial  motion  of  translation. 

If  the  body,  before  the  action  of  the  impulses  X,  &c., 
be  already  rotating  round  the  fixed  axis  with  an  angular 
velocity  w',  equations  (9)  and  (10)  still  hold  good  in  their 
final  form,  provided  a>  -  w'  be  substituted  for  w. 

If  we  suppose  the  origin  0  to  be  the  centre  of  suspension, 
or  point  in  which  the  fixed  axis  is  met  by  the  perpendicular 
p  from  the  centre  of  inertia  (x,  and  take  the  axis  of  y 
to  coincide  with  this  line,  and  if  we  denote  the  sum  of  the 
components  of  the  applied  impulses  parallel  and  perpen- 
dicular to  OGhy  P  and  Q,  and  the  corresponding  impulsive 
stresses  by  JPo  and  Qo,  equations  (9)  become 

SX  -  Zo  =  0,'    P  -  Po  =  0,     Q-Qo  =  Tlpco.      (11) 

235.  Centre  of  Percussion. — If  a  body  receive  a  blow 
which  makes  it  begin  to  rotate  round  a  fixed  axis,  without 
causing  any  impulsive  pressure  on  the  axis,  the  point  in  which 
the  direction  of  the  blow  intersects  the  plane  containing  the 
fixed  axis  and  the  centre  of  inertia  is  called  the  centre  of 
percussion.  In  order  that  such  a  point  should  exist,  both 
the  axis  and  the  line  of  direction  of  the  impulse  must  fulfil 
certain  conditions,  which  we  proceed  to  investigate. 

In  this  case,  the  fixed  axis  being,  as  before,  the  axis  of  x, 
we  have,  by  hypothesis,  X.  =  0,  Yq  =  0,  Zo  =0,  Jf o  =  0, 
j^^o  =  0.  If  we  denote  the  components  of  the  impulse  due  to 
the  blow  by  X,  P,  Q  ;  and  the  components  of  the  impulsive 
couple  which  it  produces  by  L,  M,  N\  equations  (11)  and 
(10)  become 

Z  =  0,     P  =  0,  Q  =  Tlpo>,  \  ^  ^^^^ 

L  =  Jw,  M  =  -  (xi^mxy,  N  =  -u)%mxz 
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Since  X  =  0,  and  P  =  0,  the  centre  of  inertia  must  lie  in  a 
plane  through  the  fixed  axis,  at  right  angles  to  the  direction  of 
the  impulse. 

Again,  since  X  =  0,  the  direction  of  the  blow  may  be 
supposed  to  lie  in  the  plane  of  yz,  and  therefore  the  resulting 
couple  has  no  components  in  the  plane  of  zx  or  of  xy ; 
accordingly,  M  ^  0  and  K  =  0.  Hence,  we  have  ^mxy  =  0, 
and  ^mxz  =  0 ;  consequently,  the  axis  of  rotation  must  he  a 
principal  axis  for  the  point  in  which  it  is  met  hy  its  shortest 
distance  from  the  line  of  direction  of  the  impulse.  If,  now,  ^-be 
the  distance  from  the  fixed  axis  of  the  line  of  action  of  the 
blow,  L  =  Qq,  and  therefore  '^pq  =  I. 

If  WlJc^  be  the  moment  of  inertia  of  the  body  round  an 
axis  through  its  centre  of  inertia  parallel  to  the  fixed  axis, 
I  =Wl  {k'^  +P^)'    (Integral  Calculus,  Chap.  X.) 

Hence  o  = ^—. 

P 

Accordingly,  the  distance  of  the  centre  of  percussion  from  the 
fixed  axis  is  the  same  as  that  of  the  centre  of  oscillation.  (Art. 
136.) 

Moreover,  if  ^,  rj,  ^  be  the  coordinates  of  any  point  rela- 
tively to  the  centre  of  inertia, 

jxzdm  =  Tlxz  +  j^Zdm  ; 

hence,  if  the  axis  of  suspension  be  parallel  to  a  principal 
axis  through  the  centre  of  inertia,  x  =  0,  and  the  shortest 
distance  between  the  direction  of  the  blow  and  the  fixed  axis 
passes  through  the  centre  of  inertia,  and  the  centre  of  percussion 
coincides  with  the  centre  of  oscillation. 

236.  Stress  on  Fixed  Axis    during  Rotation. — In 

accordance  with  Art.  233,  and  following  the  analogy  of  Art. 
234,  we  shall  suppose  the  stress  at  any  instant  to  consist  of  a 
force  passing  through  the  origin,  whose  components  are  Xo, 
Fo,  and  Zq,  together  with  a  couple  whose  components  round 
the  axes  of  y  and  z  are  Mq  and  No. 
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In  this  case,  by  Arts.  231  and  232,  equations  (15)  and 
(16),  Art.  204,  become 

2X  -  Zo  =  0,  ^ 

-  (b^mxy  +  w^'^mxz  =  M-  Mo,  )-.  (14) 

-  wl^mxz  -  iii'^mxy  =  N-  N^  J 

If  the  axis  of  rotation  be  a  principal  axis  for  the  origin, 
the  last  two  equations  reduce  toM  -  Mo  =  0,  iV  -  iVo  =  0. 

If  also  the  couple  resulting  from  the  applied  forces  be 
perpendicular  to  the  axis  of  rotation,  we  shaU  have 

Mo  =  0,  and  iVo  =  0. 

Accordingly,  in  this  case,  the  stress  couple  vanishes  when 
the  axis  of  rotation  is  a  principal  axis  for  the  origin. 

If  the  axis  of  rotation  pass  through  the  centre  of  inertia 
of  the  body,  we  have 

Accordingly,  if  a  body  be  rotating  round  a  principal  axis 
through  its  centre  of  inertia,  no  external  forces  being  supposed 
to  act,  there  is  no  stress  on  the  axis,  and  the  body  icill  continue  to 
rotate  round  that  axis  ivith  a  unform  angular  velocity. 

This  result  was  obtained  before  in  Article  98. 

If  we  make  the  same  hypotheses  as  those  at  the  end  of 
Art.  234,  and  adopt  a  similar  notation,  equations  (13) 
become 

SX-Zo=0,     P-Po  =  -mpw\     Q-Qo  =  T}pdy.    (15) 

These  equations  of  motion  of  the  centre  of  inertia  can  of 
course  be  obtained  directly  from  the  consideration  that  this 
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point  is  describing  a  circle  round  the  origin  with  an  angular 
velocity  w. 

In  general,  «  and  w  can  be  determined  from  the  first 
of  equations  (14),  and  the  stresses  can  then  be  found  from 
the  remaining  equations  of  this  Article. 


Examples. 

1.  A  rigid  body  is  turning  round  a  fixed  axis  under  the  influence  of  a  couple, 
whose  axis  is  parallel  to  the  axis  of  rotation  :  what  condition  must  be  fulfilled  in 
order  that  the  axis  should  suffer  a  pressure  at  only  one  point  ?  (Schell,  Theorie 
der  Bewegung  und  der  Krdfte.) 

The  axis  of  rotation  must  be  a  principal  axis  at  this  point.  The  pressure  is 
then  at  right  angles  to  the  axis. 

2.  If  the  pressure  at  the  fixed  point  vanishes,  what  further  condition  must 
be  fulfilled  ? 

The  point  must  be  the  centre  of  inertia. 

3.  If  a  homogeneous  cubical  mass  at  rest  receive  an  impulse,  determine  the 
resulting  motion. 

4.  A  body  starting  from  rest  tunis  under  the  action  of  gravity  round  a  fixed 
horizontal  axis,  which  is  a  principal  axis  at  the  centre  of  suspension.  Find  the 
stress  on  the  axis. 

Take  the  centre  of  suspension  (Art.  136)  for  origin,  and  the  fixed  axis  for 
that  oi  X. 

Let  Q  be  the  angle  which  the  line  joining  the  origin  to  the  centre  of  inertia 
makes  at  any  instant  with  a  horizontal  line  perpendicular  to  the  fixed  axis,  then 

<a  =  — ,  and  the  axis  of  x  being  a  principal  axis  at  the  origin,  the  stress  couple 

is  zero.     Again,  m  being  the  mass  of  the  body,  L  ~  mpg  cos  B,  and  therefore, 

dm  _d?-Q  _  gp  cos  Q  ^ 
di^  df^~  Jc^  +i?2  ' 
whence,  by  integi-ation, 

'dey        Igp 


-© 


W-^f 


(sinfl  — sina), 


M'here  o  is  the  initial  value  of  0. 

Finally,  P=  mg  sin  0,  and  Q  =  mg  cos  Q  ;  whence,  substituting  their  values 
forP,  Q,  «■-,  andw  in  equations  (15),  we  obtain 

5.  In  Ex.  3  find  the  position  of  the  body  in  which  the  stress  on  the  axis  is 
a  minimum. 
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From  the  expressions  for  Pq  and  Qo>  we  obtain 

Po2  +  Qo2  =  ^  ^     { A*  +  2Fi)2  sin  0 (3  sin  0 -  2  sin  o)  4  p^  (3  sin  0  - 2  sin  of- } , 

and,  since  9  is  never  less  than  a,  this  expression  is  a  minimum  when  9  =  o. 

6.  A  bar,  revolving  with  an  angular  velocity  Xl  round  a  fixed  axis  perpendi- 
cular to  its  length,  strikes  perpendicularly  against  a  fixed  obstacle ;  find  the 
impulses  against  the  obstacle  and  the  axis,  and  the  angular  velocity  of  the  bar, 
after  collision. 

Let  0  be  the  point  in  which  the  fixed  axis  meets  the  bar,  G  its  centre  of 
inertia,  A  the  point  at  which  it  strikes  the  obstacle,  tn  its  mass,  and  k  its  radius 
of  gyration  round  an  axis  through  G  parallel  to  the  fixed  axis  ;  let  R'  and  Q'  be 
the  magnitudes  of  the  impulses  produced  by  the  obstacle  and  the  axis  in  the 
first  period  of  impact,  R"  and  Q"  those  produced  in  the  second  period,  and  « the 
angular  velocity  after  collision  ;  then,  if  OG  =  a,  GA  =  b,  since  the  velocity  of 
the  bar  is  reduced  to  zero  in  the  first  period,  we  have 

R'  -{■  Q'  =  maCL,     R'{a  +  b)=m  {k^  +  a'^)a; 
whence, 

a  +  b  a  +  b 

Again,  since  in  the  second  period  the  bar  starts  from  rest,  we  have 

R"  +  Q"  =  maw,     R"{a  +  b)=m  {k^  +  a^) «, 

and  also  (Art.  78), 

R"  =  eR\     whence     Q"  =  e(^,     w  =  ea, 

since  Q"  and  a>  are  the  same  functions  of  R'\  which  Q'  and  n  are  of  Rf . 

It  is  to  be  observed  that  in  the  equations  above  the  algebraical  signs  of  the 
angular  velocities  have  not  been  taken  into  accoimt,  and  that  the  direction  of  a> 
is  opposite  to  that  of  n. 

Finally,  if  R  and  Q  be  the  total  impulses, 

.^,      .        ,m(k-^+a^)n      ^     ,,       ^     ab-k"^ 

R  =  {l-\-e)R'={\^e)-^ -^,     Q={l+e)m -— ri. 

^         '  a  +  b  a  +  b 

When  ab  =  k-,  the  point  A  is  the  centre  of  percussion  and  Q  =  0.     This  agrees 
with  the  result  arrived  at  in  Art.  235. 

7.  A  bar,  revolving  as  in  Ex.  6,  strikes  against  a  sphere  whose  centre  is 
moving  with  a  velocity  ?7  in  a  direction  perpendicular  to  the  bar ;  find  the 
magnitudes  of  the  impulses,  and  the  velocities  of  the  bar  and  sphere,  after 
collision. 

Let  M  be  the  mass  of  the  sphere,  u'  and  zi  the  velocities  of  its  centre,  and 
u'  and  (a  the  angular  velocities  of  the  bar,  at  the  end  of  the  first  and  of  the 
second  period  of  impact ;  then,  since  the  impulses  tend  to  diminish  both  the 
velocity  of  the  centre  of  inertia  and  the  angular  velocity  of  the  bar,  we  have 

R:  +  Qf  =  ma{a-  «'),    R'h  =  m {k-  +  «-)(n  -  «'),     R'  =  M(y  -  U), 
where  h  =  a  +  b. 

At  the  end  of  the  first  period  of  impact  the  relative  velocity  of  the  colliding 
points  is  zero,  and  therefore,  hu'  =  u'. 
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Let  n  —  «'  =  zj',  then  we  have 

h  h 

and  also 

w(F  +  a2)  ^=  iia(M'  -  ?7)  =  JlfA(A«'  -  V)=  Mh{h{a  -  W)  -  ^7"}, 

hence  {m(^2  +  a2)  +  Mh^}  '^'  =  ilf/i(An  -  V). 

Again, 

i2"+  Q"  =  mfl(a>'-  a>),  i2'7i  =  w(^Ha2)(a>'  -  co),  R"^M{u-u'),  and  iJ"  =  ^«'. 

Hence  we  have 


R={\  +  e)Ilf  =  {l  +  e) 
Q=(l  +  ^)Q'  =  (H-,) 


Also, 


w  =  n  -  (1  +  ^)  tj'  =  n  -  (1  +  e) 


Mh  {hCl  -  U) 


w(AH«'^)  +  J/'A2' 


Here,  as  in  the  former  Example,  Q  =  0  when  the  impact  takes  place  at  the 
centre  of  percussion. 

8.  Show  that  the  results  in  Ex.  6  can  he  deduced  immediately  from  those  in 
Ex.  7. 

Make  ir=  0  and  Jf  =  oo  in  Ex.  7. 

9.  Find  at  what  point  of  its  length  the  har  should  strike  the  sphere  in  order 
that  the  impulse  of  the  hlow  should  he  a  maximum. 

If  we  put    m  ( A;2  +  a^)  =  J,  we  have  to  determine  A,  so  that 

ha-  U 


I+Mh^ 


shall  be  a  maximum.     Hence,  to  determine  h  we  have  the  quadratic  equation 

Mah^  -  2MUh  -  7n  =  0. 

By  assuming 

11=  ra,     and  1=  Mp^, 
this  equation  becomes 

"We  have  then  the  following  construction  for  the  two  values  of  A.  At  0  erect 
OF  perpendicular  to  the  bar,  and  make  it  equal  to  p,  take  OC  in  the  direction 
of  G  equal  to  r,  with  0  as  centre,  and  CF  as  radius  describe  a  circle ;  it  will  meet 
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the  bar  in  the  points  required.  The  value  of  h,  which  is  greater  than  r,  makes 
the  expression  for  R  a  maximum  ;  the  other  value  of  h  makes  this  expression  a 
minimum,  but  at  the  same  time  makes  R  negative.  Thus  both  values  of  h  make 
R  irrespective  of  sign  a  maximum  ;  but  one  impulse  is  opposite  in  direction  to 
the  other. 


B      O 


If  the  sphere,  when  struck,  has  no  velocity  in  a  direction  perpendicular  to 
the  bar,  we  have  h=p  when  -R  is  a  maximum. 

10.  Find  the  point  of  impact  in  order  that  the  impulse  on  the  fixed  axis  should 
be  a  maximum. 

If  we  put  {k^  +  a^)  =  X~,  we  have  to  determine  A  so  that 
shall  be  a  maximum.     We  have  then  for  h  the  quadratic 


A2-2 


By  assuming 


r'M{aU+  K'^Cl)  =  K'^{MU -  man), 
and  (as  in  last  Example), 


0. 


the  equation  for  h  becomes 


Mp"^  =  mK% 


A2-2r7i-j»2  =  o, 


and  the  two  values  of  h  are  determined  by  a  construction  similar  to  that  of  the 
last  Example. 

If  the  Hxed  axis  pass  through  the  centre  of  inertia  we  have  a  =  0,  and  the 
points  for  which  Q  is  a  maximum  coincide  with  those  for  which  i2  is  a  maximum. 

IiaU+  K~£l  =  0,  one  value  of  h  is  zero,  and  the  percussion  on  the  axis  is 
a  maximum  when  the  sphere  strikes  at  the  axis. 
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Section  III. — Kinetics — Free  Motion  Parallel  to  a  Fixed 

Plane. 

237.  Equations  of  Motion. — The  motion  of  a  body 
relative  to  its  centre  of  inertia  consists  at  any  instant  of  a 
rotation  round  some  axis  through  that  point.  Moreover,  in 
the  case  here  considered,  this  axis  must  be  at  right  angles  to 
the  fixed  plane,  and  is  fixed  in  space  if  the  centre  of  inertia 
be  regarded  as  invariable.  Now,  by  Art.  209,  the  motion 
relative  to  the  centre  of  inertia  is  the  same  as  if  that  point 
were  fixed  in  space,  the  forces  remaining  unaltered.  Hence, 
taking  the  plane  of  yz  for  the  fixed  plane,  we  have,  to  deter- 
mine the  motion  of  the  body,  the  equations 

^2-^^'  ^S=^^'  ^^'J'=^'  w 

where  y  and  z  are  the  coordinates  of  the  centre  of  inertia,  k 
the  radius  of  gyration  round  an  axis  through  it  at  right 
angles  to  the  fixed  plane,  and  L  the  moment  of  the  applied 
forces. 

If  the  axis  of  rotation  through  the  centre  of  inertia  be 
always  parallel  to  a  line  fixed  in  space,  it  is  plain  that  the 
last  of  these  equations  holds  good  no  matter  whether  the 
whole  motion  of  the  body  be  parallel  to  a  fixed  plane  or  not. 
In  the  latter  case  the  only  difference  will  be  that  an  addi- 
tional equation,  viz., 

(Px 

df 


m^-^  =  ^x, 


will  be  required  to  determine  the  motion  of  the  centre  of 
inertia.  In  any  case,  therefore,  the  motion  of  the  body  is 
determined,  when  we  know  the  motion  of  its  centre  of  inertia, 
and  the  angular  motion  relative  to  that  point. 

238.  Connexion  of  the  Angular  Velocity  livitb  the 
Velocity  of  the  Centre  of  Inertia. — As  the  motion  is 
parallel  to  a  fixed  plane,  the  parallel  section  of  the  body 
passing  through  the  centre  of  inertia  must  at  each  instant  be 
rotating  round  a  point  in  its  own  plane  (Art.  219).  If  p  be  the 
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distance  from  this  point  (the  instantaneous  centre  of  rotation) 
to  the  centre  of  inertia,  s  the  path  of  the  latter,  and  tu  the 

angular  velocity,  then  /ow  =  — ,  as  is  obvious.     Also  w  =  — . 

ut  dt 


Examples. 

1.  A  body  is  moving  parallel  to  a  fixed  plane  under  the  action  of  forces 
which  are  in  equilibrium  :  show  that  the  locus  of  the  instantaneous  centre  of  ro- 
tation in  the  body  is  a  circle,  having  the  centre  of  inertia  for  centre,  and  a  radius 

— ,  where  v  is  the  velocity  of  the  centre  of  inertia,  and  w  the  angular  velocity. 

2.  The  locus  of  the  instantaneous  centre  of  rotation  in  space,  under  the 
circumstances  of  Ex.  1,  is  a  straight  line  parallel  to  the  path  of  the  centre  of 

inertia,  and  at  a  distance  from  it  equal  to  -. 

<a 

3.  If  a  body  move  parallel  to  a  fixed  plane,  and  be  acted  on  by  a  constant 
couple,  lying  in  the  plane  ;  show  that  the  locus  of  the  instantaneous  centre  of 
rotation  in  space  is  an  equilateral  hyperbola. 

4.  An  inextensible  string,  whose  mass  is  negligible,  passes  over  the  line  of 
intersection  of  two  smooth  inclined  planes.  Each  end  of  the  string  passes  under 
and  round  a  smooth  circular  homogeneous  cylinder,  to  which  it  is  attached,  and 
which  rests  on  one  of  the  inclined  planes.  The  line  of  intersection  of  the  inclined 
planes  is  parallel  to  the  axes  of  the  cylinders,  and  perpendicular  to  a  vertical 
plane  containing  their  centres  of  inertia  and  the  string.  Determine  the  tension 
of  the  string. 

As  in  Ex.  4,  Art.  230,  the  portion  of  the  string  wrapped  round  one  of  the 
cylinders  may  be  regarded  as  in  equilibrium  under  the  action  of  the  tensions  at 
its  extremities  and  of  the  pressure  produced  by  the  cylinder.  Hence  all  the 
forces  exerted  by  the  string  on  the  cylinder  are  equivalent  to  the  tension  T  act- 
ing at  the  point  of  contact  of  the  cylinder  with  the  inclined  plane. 

If  s  and  s'  be  the  distances  at  any  time  of  the  points  of  contact  of  the  cylin- 
ders and  inclined  planes,  from  the  point  of  intersection  of  the  latter  with  the 
vertical  plane  perpendicular  to  them ;  Q  and  6'  the  angles  through  which  the 
cylinders  have  turned  from  their  initial  positions  ;  a  and  a'  their  radii ;  m  and  w' 
their  masses  ;  and  i  and  i'  the  inclinations  of  the  inclined  planes  to  the  horizon, 
the  equations  of  motion  are 

m'— =  m^sint-r,      m~—=Ta. 
If  e  be  the  distance  the  string  has  slipped  at  any  time  along  the  inclined 
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planes,  and  b  and  b'  the  initial  values  of  s  and  s',  we  have,  since  the  string  is 
inextensible, 

s  =  b  +  ad  +  a,     s'=b'  +  a'd'  -  ff,    and  therefore    .s  +  s'  =b  + b'  +  aO  +  a'd' . 

Differentiating  twice  we  obtain,  by  means  of  the  equations  of  motion, 

^     -     mm'       ,  .  .... 

jT  =  4 7  a  (sin  t  +  sm  t ) . 

The  motion  can  then  be  completely  determined. 

239.  Vis  Viva. — It  was  shown  in  Art.  134,  that  the  ma 
viva  of  any  system  '%mv^  =  5D'IF^  +  %mv'^,  where  ^  is  the 
entire  mass  of  the  system,  Fthe  velocity  of  its  centre  of  inertia, 
and  V  the  velocity,  relative  to  the  centre  of  inertia,  of  any 
particle  m.  If  the  body  be  moving  parallel  to  a  fixed  plane, 
the  motion  relative  to  the  centre  of  iaertia  is  a  rotation  round 
an  axis  fixed  in  the  body,  whose  direction  is  fixed  in  space. 
Hence  Sm«;'^  =  SSillc'^bj^  (Art.  133),  and  the  equation  of  vis  viva 
becomes 

9)?  ( F=  +  k'ui')  =  2^1  ( Ydy  +  Zdz)  +  C.  (2) 

The  equation  of  vis  viva  may  be  put  into  another  shape 
which  is  sometimes  useful.  If  /  be  the  moment  of  inertia  of 
the  body  round  the  instantaneous  axis  of  the  rotation  by 
which  the  whole  motion  of  the  body  may  be  represented,  then 

%nv^  =  I(a^. 

Again,  if  /  and  z  be  the  coordinates  of  any  point  referred 
to  that  space  point  as  origin  which  coincides  with  the  instan- 
taneous centre  of  rotation,  Art.  238,  then 

dy'  dz'         , 

-  =  -..,     -=a,y; 

hence  the  equation  of  vis  viva  assumes  the  form 

therefore  ^  |-  (/w^)  =  J,  (3) 

Zm  at 

where  J  is  the  moment  of  the  applied  forces,  round  the  in- 
stantaneous axis  of  rotation. 
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240.  Moment  of  the  Forces  of  Inertia. — If  h  and  c 

be  the  coordinates  of  any  point,  fixed  or  movable,  the  moment 
of  the  applied  forces,  round  an  axis  through  it  parallel  to  the 
axis  of  Xy  must  be  equal  and  opposite  to  the  moment  of  the 
forces  of  inertia  round  the  same  ;  hence,  calling  the  former 
moment  J,  we  have 

If,  as  in  Art.  209,  we  put  ^  =  ^  +  »?,  s  =  s  +  ^,  we  get,  by 
omitting  the  terms  which  vanish, 

If  we  suppose  the  point  ^,  c  to  coincide  with  the  origin 
fixed  in  space,  and  to  lie  in  the  plane  of  the  motion  of  the 
centre  of  inertia,  this  equation  becomes,  if  we  call  r  and  x  the 
polar  coordinates  of  the  centre  of  inertia, 

<i'iy ''%-'■      '=' 

241.  moments  of  Momentum  relative  to  any 
Point. — Since  the  body  is  supposed  to  be  moving  parallel 
to  a  fixed  plane,  its  motion  at  any  instant  is  a  pure  rotation. 
If  we  take  a  line  coinciding  with  the  instantaneous  axis  of 
rotation  as  axis  of  x,  then  x,  y,  z  being  the  coordinates  of 
the  centre  of  inertia,  we  have,  by  Art.  222, 

x  =  0,     y  ==  -  ziOf     z  =  yct). 

Substituting  these  values  in  (31),  Art.  210,  and  introducing 
the  values  of  Hi,  Hz,  Sz,  given  by  (5),  Art.  231,  we  obtain 

E\^{I-^{by  +  cz)}w, 

B:\=  ['^ay-  ^mxy}w,  \  •  (6) 

H\=  ['^az  -  '2mxz]w 
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Examples, 

1.  The  motion  of  a  body  consists  of  a  pure  rotation ;  find  the  conditions  that 
it  should  be  brought  to  rest  by  a  single  impulse. 

Take  the  axis  of  rotation  as  the  axis  of  x,  and  a  perpendicular  p  on  it  from 
the  centre  of  inertia  G  as  that  of  y,  then  the  whole  velocity  of  G  is  parallel  to 
the  axis  of  z,  and  is  equal  to  jjoo,  where  w  is  the  angular  velocity  of  the  body. 
Hence  the  impulse  which  reduces  the  body  to  rest  must  be  parallel  to  the  axis 
of  z,  and  is  given  by  the  equation 

z=-  mpo3. 

Let  h,  c  be  the  coordinates  of  the  point  in  which  the  impulse  Z  meets  the 
plane  of  xy  ;  the  moments  of  momentum  relative  to  be  are  each  zero  after  the 
body  is  reduced  to  rest ;  but,  since  the  impulse  passes  through  be,  these  moments 
are  the  same  as  they  were  before  the  action  of  the  impulse.     Hence,  originally, 

S\  =  Si'  =  Hz'  =  0. 

Substituting  for  H\\  &c.,  their  values  from  (6),  we  have,  if  Xbe  the  radius  of 
gyration  round  the  axis  of  rotation, 

K'i  —  bp  =  0,     'S.mxy  =  0,     ^mxz  —  0. 

Hence  we  conclude  that  the  axis  of  rotation  must  be  a  principal  axis  at  the 
point  in  which  it  is  met  by  the  perpendicular  from  G,  that  the  impulse  must  be 
perpendicular  to  the  plan  containing  G  and  the  axis  of  rotation,  and  that  its 
shortest  distance  b  from  the  axis  is  given  by  the  equation 

bp  =  K"^.  (Compare  Art.  235.) 

2.  A  uniform  circular  plate  whose  centre  is  fixed  lies  on  a  smooth  horizontal 
plane.  An  insect  starts  from  the  centre  of  the  plate,  and  returns  to  the  same 
point  after  describing  a  circle  whose  diameter  is  the  radius  of  the  plate ;  find 
the  angle  through  which  the  plate  has  turned. 

Let  ^  be  the  angle  through  which  the  plate  has  turned  at  any  time,  a  its 
radius,  m  its  mass,  m'  that  of  the  insect,  r  and  Q  its  polar  coordinates  in  space,. 
r  and  i|/  its  polar  coordinates  relative  to  the  plate ;  then 

"^  T  Tt'^  ^'^      di~    '     ^  =  0  -  <l>,     r  =  a  cos  ip. 


Hence  ^  =  ~  I 


2m'  cos^xl/ 


+  2m'  cos2  }p 
and  the  angle  required  is 


\m  +  1m  I    ) 


242.  Kquations  of  motion  for    Impulses. — In   the 

case  of  impulses  the  changes  of  velocity  which  they  produce 
are  determined  by  the  equations  (Arts.  204,  209,  229), 

m  [v  -  t;')  =  S  F,     m  {w  -  tv')  =  2Z,     mh'  (w  -  cJ)  =  Z,  (7) 

where  w'  is  the  angular  velocity  of  the  body,  v'  and  w'  the 
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components  of  the  velocity  of  its  centre  of  inertia,  before  the 
action  of  the  impulses ;  and  w,  v,  and  iv  the  corresponding 
quantities  after  their  action. 

243.  Impact. — When  impact  occurs  between  two  smooth 
bodies,  a  mutual  impulsive  force  is  developed  in  the  direction 
of  the  common  normal.  In  the  first  period  of  collision  this 
force  reduces  the  relative  normal  velocity  of  the  colliding 
points  to  zero.  In  the  case  of  motion  parallel  to  a  fixed 
plane,  there  are  for  two  bodies  seven  unknown  quantities, 
viz.  the  changes  in  the  two  components  of  the  velocity  of  the 
centre  of  inertia,  and  in  the  velocity  of  rotation  for  each  body, 
and  the  magnitude  of  the  mutual  impulse.  There  are  like- 
wise seven  equations  to  determine  these  quantities,  viz.  the 
six  equations  of  motion,  and  the  equation  which  expresses 
that  the  relative  normal  velocity  of  the  colliding  points  is 
zero  at  the  instant  of  greatest  compression. 

In  the  second  period,  a  new  mutual  impulsive  force  is 
developed,  whose  impulse  bears  a  constant  ratio  to  that  of  the 
former,  and  can  therefore  be  found.  The  changes  of  velocity 
which  it  produces  can  then  be  determined. 

If  the  bodies  which  collide  be  perfectly  elastic,  the  im- 
pulse developed  during  the  period  of  restitution,  or  second 
period,  is  equal  to  that  developed  during  the  period  of  com- 
pression. What  is  here  stated  is  merely  a  generalization  of 
the  theory  given  in  Articles  78  and  202. 

Examples. 

1.  A  bar,  which  is  rotating  round  an  axis  perpendicular  to  its  length,  and 
whose  centre  of  inertia  is  moving  in  a  plane  at  right  angles  to  the  axis  of  rota- 
tion, strikes  perpendicularly  against  a  fixed  obstacle ;  determine  the  impulse 
of  the  blow,  and  the  subsequent  motion. 

Let  m  be  the  mass  of  the  bar,  k  its  radius  of  gyration,  V  the  velocity  of  its 
centre  of  inertia  G^  in  a  direction  perpendicular  to  its  length,  and  n  its  angular 
velocity  before  impact ;  also  let  v'  and  w',  v  and  w  be  the  corresponding  velocities 
at  the  end  of  the  first  and  of  the  second  period  of  impact,  respectively  ;  and  let 
h  be  the  distance  from  G  of  the  point  A  at  which  the  bar  strikes  the  obstacle  ; 
then,  if  E'  be  the  impulse  of  the  blow  during  the  first  period  of  impact,  and  if 
we  suppose  the  velocity  of  A  due  to  the  motion  of  translation  to  be  in  the  same 
direction  as  that  due  to  the  rotation  round  an  axis  through  G,  we  have,  since 
the  blow  diminishes  both  the  velocity  of  translation  and  the  angular  velocity 
of  the  bar, 

Sf=m{V-v'),     Ii'h  =  mk^{n-u); 
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but  also,  since  at  the  instant  of  greatest  compression  A  is  reduced  to  rest, 
v'  +  ha'  =  0.    Hence  we  obtain 

therefore  n  -  «  =  — — — r:,— ,  whence  R  =  — — — — — . 

k'->r  h^  k^  -\-  h^ 

Now,  as  in  Ex.  5,  Art.  236,  R={l  +  e)  R',  and  n  -  «  =  (1  +  ^)  (fi  -  co'), 
r-v=  {I -\- e)  {V  -  v').     Hencewehave(A;2  4.  A2)ig=  (i  -f  e)  m/(;2  (r+ An)  ; 

(A2-gF)F-(i+«)FAfi  (F_gA2)n-(n-e)Ar 

consequently    .=  - ^^^^^ ,     a,  =  —j^- . 

2.  Find  the  point  at  which  the  bar  in  Ex.  1  should  strike  the  obstacle  in 
order  that  the  impulse  of  the  blow  should  be  a  maximum. 

We  have  here  to  determine  h  so  that  -r- — -r-  shall  be  a  maximum,  and  the 

A;2+A2  y 

required  values  of  h  are  given  by  the  quadratic  equation  A2  .f  2  —  A  -  ^2  =  0, 

or  A2  -f  2rh  -  7r  =  0,  if  we  put  rn  =  V.  If  G  be  the  instantaneous  centre  of 
rotation  of  the  bar,  corresponding  to  V  and  n,  we  have  GO  =  —  r,  and  the 
points  of  the  bar  at  which  the  impact  produces  the  maximum  impulse  are 
determined  by  erecting  a  perpendicular  GP  equal  to  k,  and  with  C  as  centre, 
and  CP  as  radius  describing  a  circle.  The  points  A  and  B  in  which  this  circle 
meets  the  bar  are  the  points  required.     (See  Fig.  p.  282.) 

Let  jRi  and  R2  be  the  values  of  the  impulse  R,  corresponding  to  the  points 
A  and  B,  respectively,  we  readily  find  that 

Rx  =  -^ma .  BG,  and  R2  =  -  ^  mO. .  GA. 

The  negative  sign  of  ^2  shows  that  in  this  case  the  impulse  must  act  at  the 
opposite  side  of  the  bar ;  hence,  if  we  consider  magnitude  only,  without  regard 
to  sign,  each  impulse  may  be  regarded  as  a  maximum. 

3.  A  bar  moving  as  in  Ex.  1  strikes  against  a  sphere  of  mass  Jf,  whose 
centre  has  a  velocity  fin  a  direction  perpendicular  to  the  bar  ;  find  the  impulse 
of  the  blow,  and  the  subsequent  motion. 

Let  til  and  u  be  the  velocities  of  the  centre  of  the  sphere  at  the  end  of  the 
first  and  of  the  second  period  of  impact,  then,  the  bar  being  supposed  to  over- 
take the  sphere,  we  have 

R!  =  m{r-v'),R'h  =  mB[a  -  w'),  R'  =  M {u'  -  U)  ;       (a) 

and  also,  v'  +  ha>'  =  u' .  (3) 

If  we  put  X2  —  £!>'  =  'US  t  from  equations  [a)  we  have 

-^      ,      ^"^     .      .      rr      '^^''      . 
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whence,  substituting  in  {b)  for  v\  u\  and  a>',  we  obtain 

Consequently  the  motion  after  collision  is  given  by  the  equations 

u  =  CL-{\^e)zs\    V  =  F- (1  + e)  - ^',     u  =  U-\-  {l+e)—-^!'. 

4.  Find  in  Ex.  3  at  what  point  of  its  length  the  bar  should  strike  the  sphere 
in  order  that  the  impulse  of  the  blow  should  be  a  maximum. 

The  values  of  h  which  make  R  a  maximum  are  given  by  the  quadratic  equa- 
tion 

A2  +  2rh  -  {^tf.^\  ^^  =  0,  where  rO.  =  V-  U. 

The  points  of  the  bar  at  which  the  impulse  of  the  blow  is  a  maximum  may  be 
detennined  by  a  construction  similar  to  that  of  Ex.  2.  In  the  present  case,  C 
is  the  point  whose  velocity  perpendicular  to  the  bar  is  equal  to  that  of  the 


sphere.     The  perpendicular  to  be  erected  at  G  is  now  k. 


\  /M  +  m\ 


5.  In  Ex.  I  find  the  loss  of  kinetic  energy  due  to  the  impact. 

If  7'  be  the  kinetic  energy  lost  during  the  first  period  of  impact,  we  have,  by 
Ex.  2,  Art.  202,  27' =  Ii'{V  +  hn),  but  if  7  be  the  total  loss  of  kinetic  energy, 

7  =  (1  -  ^2)7'  (see  Ex.  4,  Art.  202).     Hence  27  =  (1  -  e"^)  ^^'|f  "^^f^^l 

6.  Find  at  what  point  the  bar  should  strike  the  obstacle  in  order  that  the 
loss  of  kinetic  energy  should  be  a  maximum.  ^  k^a 

Ans.  h  = . 

7.  In  Ex.  3  find  the  total  loss  of  kinetic  energy  of  the  system  ;  and  determine 
at  what  point  the  bar  should  strike  the  sphere  in  order  that  this  loss  should  be  a 
maximum. 

Here,  if  7'  be  the  kinetic  energy  lost  by  the  system  during  the  first  period 
of  impact,  by  Ex.  2,  Art.  202, 

17'  =  R'{V+hCi)-R'U, 

Mmk\V+hCl-TPi^ 


hence  17  =  {I  -  e^) 


This  expression  is  a  maximum  when  h 


mk^  +  i¥(/i2  +  F)  • 
m-^  M   k'-a 


M      V-  U 


8.  Find  at  what  point  the  bar  should  strike  the  sphere  in  order  that  the  gain 
of  kinetic  energy  by  the  sphere  should  be  a  maximum. 

The  required  points  are  those  at  which  i2  is  a  maximum. 
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9.  Find  the  loss  of  kinetic  energy  by  the  bar. 

If  7'  be  the  loss  of  kinetic  energy  during  the  first  period  of  impact,  we  have, 
Ex.  1,  Art.  202, 

27 '  =  i?'(  F  +  An  +  v' +  A«0 ; 

75/ 

but  v'+h'(a'  =  u'  =  ?7+— ,  and  therefore,  since  27  =  (1  -  ^2^^'^  -^g  j^ave 
27={l-e^)^{R'  +  M{r+  hSl+U)} 

10.  In  Ex.  1  find  the  conditions  that  the  whole  motion  of  the  bar  should  be 
destroyed  by  the  collision. 

Ans.  k^n  =  hV,  and  e  =  0.     This  is  also  easily  seen  from  first  principles. 
See  Ex.  1,  Art.  241. 

11.  A  body  is  moving  parallel  to  a  fixed  plane,  when  a  line  AB  in  the  body 
perpendicular  to  the  plane  becomes  suddenly  fixed ;  determine  the  subsequent 
motion. 

Let  m  be  the  mass  of  the  body,  /its  moment  of  inertia  round  AB^  h  its  radius 
of  gyration  round  a  parallel  axis  through  its  centre  of  inertia  G^  n  the  angular 
velocity  of  the  body,  and  Fthe  velocity  of  G  just  before  the  line  AB  becomes 
fixed,  p  the  shortest  distance  between  the  line  of  motion  of  G  at  this  time  and 
AB,  and  o)  the  angular  velocity  of  the  body  round  AB  just  after  this  line  is  fixed, 
then  we  have 

12.  A  plane  lamina  is  moving  in  its  own  plane  when  one  of  its  points  0 
becomes  suddenly  fixed ;  determine  the  subsequent  motion. 

Let  us  suppose  that  the  lamina  is  constrained  to  rotate  round  a  perpendi- 
cular axis  through  0,  then,  adopting  the  same  notation  as  in  Ex.  11,  we  have, 
by  (10),  Art.  234,  since  the  axis  of  rotation  is  a  principal  axis  at  0, 

Io>  =  m{rp  +  Ic^Ci),  Mq  =  0,  Nq  =  0. 

Hence  the  actual  motion  of  the  lamina  when  0  is  fixed  is  a  rotation  round  a 
perpendicular  axis,  and  the  angular  velocity  «  is  given  by  the  first  of  the 
equations  above. 

13.  A  bar  moving  in  a  vertical  plane  impinges  upon  a  smooth  horizontal 
plane  ;    find  the  motion  immediately  after  impact. 

If  the  horizontal  and  vertical  components  of  the  velocity  of  the  centre  of 
inertia  G  of  the  bar  be  represented  by  U  and  V  immediately  before  the  impact, 
and  by  u  and  v  immediately  after,  if  XI  and  w  be  the  corresponding  angular 
velocities,  a  the  distance  from  G  to  the  point  of  impact  of  the  bar,  and  a  the 

U2 
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angle  which  it  makes  with  the  horizontal  plane  at  the  instant  of  impact,  the 
values  of  v  and  «  areohtained  by  substituting  in  the  equations  of  Ex.  1,  a  cos  a 
for  h.     Accordingly  we  have 

(a2  cos2  a  -  eJc^)  F-  (1  +  «)  Fail  cos  a 

u  =  U,    V  = ^ . 

'  F+a2cos2a  ' 

(F  -  ea^  cos^  a)  n  —  (1  +  ^)  a  r  cos  a 

(I)  =: , 

^2  +  a^  cos^a 
If  the  bar  be  homogeneous,  3F  =  a^,  and  we  get 
(3  cos^o-  e)V -  {l-Ve)  aCl  cos  a 
1  +  3  cos^a  ' 

_  (1  -  Se  cos^g)  an  —  (1  +  e)  V cos  a 
(1  +  3  cos^oiu  * 

14.  In  what  direction  must  an  impulse  be  applied  to  a  sphere  in  order  that  its 
initial  motion  may  be  one  of  rotation  round  a  given  tangent  ? 

The  direction  of  the  initial  motion  of  the  centre  of  inertia  of  the  sphere  is  in 
this  case  given.  Hence  the  direction  of  the  impulse  is  a  line  parallel  to  this, 
lying  in  the  plane,  which  passes  through  the  centre,  at  right  angles  to  the  given 
tangent,  and  distant  from  the  centre  by  f  radius. 

15.  A  beam  placed  in  a  smooth  horizontal  plane  is  turning  with  a  given  velo- 
city CD  round  a  pivot  which  passes  through  a  given  point.  The  pivot  breaks  ; 
determine  the  subsequent  motion. 

If  b  be  the  distance  of  the  centre  of  inertia  of  the  beam  from  the  pivot,  this 
point  of  the  beam  continues  to  move  with  a  constant  velocity  bco  in  the  straight 
line  which  is  at  right  angles  to  the  beam  at  the  moment  when  the  pivot  breaks, 
and  the  beam  rotates  with  a  constant  angular  velocity  w  round  a  vertical  axis 
through  its  centre  of  inertia. 

16.  A  uniform  bar,  resting  on  a  smooth  horizontal  table,  revolves  round 
a  vertical  axis  through  its  middle  point.  The  bar  suddenly  snaps  at  its  middle 
point.     Determine  the  subsequent  motion  of  the  parts. 

17.  In  the  same  case,  find  the  point  of  its  length,  at  which  either  half  of  the 
bar  would  strike  perpendicularly  against  a  fixed  obstacle  with  the  greatest  force 
of  percussion. 

18.  Assuming  that  the  Earth's  orbit  is  circular,  show  that  its  motion,  both 
of  translation  and  of  rotation,  could  be  destroyed  by  a  sudden  impulse  applied 
when  the  Earth  is  in  a  solstice. 

19.  Assuming  the  Earth  to  be  a  homogeneous  sphere,  calculate  in  the  pre- 
ceding Example  the  distance  from  the  Earth's  centre  of  the  line  of  action  of  the 
required  impulse.  Ans.  24  miles,  approximately. 

244.  Stress  in  Initial  Motion.  —  Stresses  are  de- 
termined, as  we  have  seen,  by  using  the  dynamical  equa- 
tions for  a  free  body,  and  introducing  unknown  reactions 
instead  of  the  geometrical  conditions.  In  many  cases  where 
the  general  equations  of  motion  cannot  be  integrated,  the 
initial  stresses  may  be  obtained  by  differentiating  the  geo- 
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metrical  equations  twice,  and  introducing  into  the  equations 
thus  obtained  the  initial  values  of  the  coordinates  and  of 
their  differential  coejfficients  with  respect  to  the  time,  which 
are  supposed  to  be  given.  The  initial  values  of  the  accelera- 
tions are  then  in  general  determined,  and  thence  the  un- 
known reactions,  by  means  of  the  dynamical  equations. 


Examples. 

1.  A  lamina  is  suspended  by  strings  attached  to  two  of  its  points -4  and  B, 
not  in  the  same  straight  line  with  its  centre  of  inertia,  and  fastened  to  two  fixed 
points  0  and  (/ .  The  string  joining  0'  to  B  is  cut ;  determine  the  initial  tension 
of  the  other. 


The  plane  of  the  lamina  in  its  position  of  equilibrium  must  pass  through  the 
points  0  and  0',  and  the  subsequent  motion  will  take  place  in  this  plane,  which 
we  shall  take  as  the  plane  of  yz,  the  axis  of  y  being  horizontal,  and  the  positive 
direction  of  z  downwards,  the  origin  being  0.  Let  G  be  the  centre  of  inertia  of 
the  lamina,  ^  and  6  the  angles  M'hich  OA  and  AG  make  with  the  axis  of  y  at 
any  time,  I  and  a  the  lengths  of  OA  and  AG,  m  the  mass  of  the  lamina,  k  its 
radius  of  gyration  round  a  perpendicular  axis  through  G,  and  y  and  ;:  the  coordi- 
nates of  G  ;  then,  if  T  be  the  tension  of  the  string  OA  at  any  time,  we  have 

cT-e 

mk^  —  =  - aT sin  {e -<!>),  (a) 


m 


—  =-Tcos</),     m~  =  mg!-Tsm(l>.  (b) 


Also,  i/  =  lcos(t)  +  aGOs9,     z  =  lsin(f>  +  asme.  (c) 

Difierentiating  these  latter  equations  twice,  and  in  the  second  diiferentiation 
treating  d  and  ^  as  constants,  since  initially  —  and  -^  are  each  zero,  and  finally 
substituting  their  initial  values  a  and  j8  for  Q  and  (p,  we  obtain 

^V     ;  .    o^^*^  .       •       ^'^      ^'"     7       n(^^<t>  d^d 
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Hence,  eliminating  -~,  we  get 
dt 

sm )8 -— +  cos jS —r  +  asm(a  -  jS) -—  =  0. 
dt^  dt-  dt^ 

Substituting  from  («)  and  (i),  and  putting  o  and  ^  for  Q  and  ^  in  those  equa- 
tions, we  get  for  To,  the  initial  value  of  the  tension, 


To=^mg 


k"-  sin  )8 


F  +  a2sin2(„_^) 


2.  A  body,  whose  centre  of  inertia  is  G^  is  suspended  by  strings  attached  to 
two  of  its  points  A  and  B,  and  fastened  to  two  fixed  points  0  and  0' .  The 
plane  AGB  is  a  principal  plane  at  G,  the  string  O'B  is  cut;  determine  the 
initial  tension  of  the  other. 

"We  may  here  suppose  the  body  compelled  to  rotate  round  an  axis  through  G, 
whose  direction  is  fixed  in  space,  and  is  perpendicular  to  the  initial  position  of 
the  plane  AGB.  Since  this  axis  is  a  principal  axis  at  G^  we  find,  then,  Art.  236, 
equation  (14),  that  the  components  of  the  stress  couple  on  this  axis  are  zero,  and 
therefore  that  the  body  rotates  round  it  freely.  Hence  the  whole  motion  of  the 
body  is  parallel  to  the  vertical  plane  which  is  the  initial  position  oi  AGB,  and 
the  question  becomes  the  same  as  in  the  last  example. 

3.  A  circular  disk  is  hung,  with  its  plane  horizontal,  from  a  fixed  point 
vertically  over  its  centre,  by  means  of  three  equal  strings  attached  to  three  fixed 
points  in  the  circumference  of  the  disk  at  equal  distances  from  each  other.  One 
of  the  strings  is  cut ;  determine  the  initial  tensions  of  the  other  two. 

The  two  tensions  along  the  threads  OA  and  OB  may  be  replaced  by  the 
single  force  i^  along  OSy  where  F=  2T  cos  AOS,  'S' being  the  middle  point  of 
the  chord  joining  the  fixed  points  A  and  B. 


In  this  case  intakes  the  place  of  T,  and  the  point  -S'  of  ^  in  Ex.  2.  Then, 
)8  being  the  initial  value  of  the  angle  which  OS  makes  with  the  horizontal  line 
which  is  the  initial  direction  of  SG,  the  length  of  the  latter  being  a,  we  have, 
since  SG  is  originally  horizontal. 


F=  mg 


k'^sinfi 


k'^  +  a"- sm^  fi 
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If  I  be  the  length  of  OS,  the  expression  for  F  may  be  put  into  the  form 

F  sin  j8 


i^=  mg 


F  +  ^^8in2)8cos-i8 


4.  Determine  in  Ex.  9,  Art.  202,  the  initial  tensions  of  the  strings,  and 
their  tensions  when  the  bar  is  at  its  greatest  height,  the  length  of  each  string 
being  la. 

If  Q  be  the  angle  one  of  the  strings  makes  with  a  vertical  line  at  any  time, 
z  the  vertical  coordinate  of  the  middle  point  of  the  bar,  i|/  the  angle  the  bar 
makes  with  a  horizontal  line  parallel  to  the  fixed  bar,  and  T  the  tension  of  one 
string;  then 

in  —  —~  =  -  ^aT&ine  cos  |i//, 

m-—  =  2TcosO-7nff; 
tilt 

also,  from  the  geometrical  conditions, 

9  =  ^^,  as  2asin0  =  2«sin  Ji^, 

z  =  1a{l  -cosd). 
Substituting  | »//  f  or  0  in  the  last  equation,  differen- 
tiating twice,  and  observing  that  initially  ^  =  0,  and  "^  =  w,  we  gei  for  the 

at 
initial  tension  of  one  string  T  =^mg  -\-  \ maoP-, 


d^ 


To  get  the  tension  when  the  bar  is  at  its  highest  position,  make  -j^  =  0> 

At 
2a  — h 
cos  |i//  =  — ,  where  h  has  the  value  in  Ex.  9,  Art.  202  ;  then 


T=mg 


4a3 


mg 


288^3 


(2«-A){4rt24-3A(4«-7i)}         ^  (12//-a(w2){48(7'-i+&,'-i(24rt^-«2a,2)}* 

5.  In  Ex.  1,  find  the  values  of  o  and  j8,  in  order  that  To  shall  be  the  greatest 
possible. 

Ans.  a  =  j8  =  -.     The  corresponding  value  of  To  is  mg,  i.e.  the  weight  of 

the  lamina. 

6.  If  )8  be  given,  find  o,  so  that  Tq  shall  be  a  minimum. 

Here  sin  (o  — )3)  =max.,  and  therefore  a  —  i3  =  — ,  or  AG  is  perpendicular 
to  OA. 

7.  If  the  initial  position  of  AG  be  horizontal,  find  ;3,  so  that  Tq  shall  be  a 
maximum. 

Here  we  have  to  find  j8,  so  that  -^-^r-  +  -r—. —  maybe  a  minimum.    There- 

fore,  k  =  asinfi-  po,  where  po  is  the  initial  value  of  the  pei-pendicular  from  G 
on  OA. 

The  result  here  obtained  holds  good  for  Ex.  3,  if  08  be  substituted  for  OA, 
and  F  for  T. 
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245.  Friction. — Friction  [see  Art.  60)  is  a  tangential 
force  passing  through  the  point  of  contact  of  two  rough 
surfaces,  which  tends  to  prevent  the  one  from  slipping 
on  the  other.  If  there  be  slipping,  the  friction  is  in  an 
opposite  direction,  and  takes  its  greatest  possible  value,  which 
is  in  a  constant  ratio  to  the  normal  pressure  between  the 
surfaces.  If  the  motion  be  pure  rolling,  just  enough 
friction  is  exerted  to  maintain  pure  rolling.  The  force  of 
friction  is  then  usually  less  than  its  maximum  value,  and  is 
determined,  as  if  it  were  an  unknown  reaction,  by  means  of 
the  equations  of  motion  and  the  geometrical  condition  which 
expresses  that  the  motion  is  pure  rolling.  If  the  value  thus 
found  for  the  force  of  friction  does  not  exceed  its  maximum 
value,  and  pure  rolling  be  consistent  with  the  initial  condi- 
tions, it  will  be  the  actual  motion.  When  there  is  slipping, 
the  friction,  which  is  then  a  maximum,  and  therefore  de- 
termined, tends  to  make  the  motion  pure  ro^^ing.  If  pure 
rolling  be  attained,  the  friction  at  the  instant  pure  rolling 
commences  changes  in  general  its  value,  and  must  be  de- 
termined in  the  manner  stated  above. 

It  is  to  be  observed,  as  already  stated  in  Art.  60,  that  the 
maximum  value  of  friction,  when  slipping  actually  takes 
place,  is,  in  general,  less  than  its  maximum  value  when  there 
is  no  slipping,  and  friction  is  acting  against  a  force  which 
tends  to  produce  slipping. 

When  a  surface  is  said  to  be  perfectly  rough  it  is  under- 
stood that  no  slipping  can  take  place  between  it  and  any 
other  surface  with  which  it  is  in  contact.  The  amount  of 
force  which  it  is  capable  of  exerting  by  means  of  friction  is, 
in  this  case,  unlimited. 

Examples. 

1.  A  homogeneous  cylinder,  having  its  axis  horizontal,  rolls  without  slipping 
down  a  rough  inclined  plane ;  determine  the  amount  of  friction  brought  into 
play  (se^Ex.  1,  p.  139).^ 

The  equations  of  motion  are 

d'^y  d-d 

the  axis  of  y  being  a  line  in  the  inclined  plane  at  right  angles  to  its  intersection 
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with  the  horizon.     Also,  add=dy\  whence 

_      __   /c^sini 
F  =  Mg  — — -  ; 

but  since  the  cylinder  is  homogeneous  we  have  k"^  =  — , 
and  therefore  -f  =  i  Mg  sin  i. 

2.  If  a  sphere  he  substituted  for  a  cylinder  in  the  last  example,  determine 
the  amount  of  friction  brought  into  play.  Ans.  F=  y ^9  sin  i. 

3.  A  lamina  is  placed  on  a  rough  horizontal  table  in  such  a  manner  that  its 
centre  of  inertia  lies  beyond  the  edge  of  the  table,  and  that  the  line  in  which 
the  edge  meets  the  lamina  is  a  principal  axis  for  the  point  0  in  which  it  is  met 
by  the  perpendicular  from  the  centre  of  inertia  G ;  determine  the  motion  of  the 
lamina  before  it  slips,  and  its  inclination  to  the  table  when  slipping  begins. 

Since  the  force  tending  to  make  the  lamina  slip  is  at  first  zero,  the  motion 
of  the  lamina  begins  by  a  rotation  round  the  edge  AB  of  the  table,  as  a  fixed 
axis. 

Putting  M  for.  the  mass  of  the  lamina,  and  otherwise  adopting  the  same 
notation  as  in  Ex/^,  Art  236,  we  have,  since  a  =  0, 

Jc^  4-  3«2  j^i 

-Po  =  Mg  \  sin  0,      Qo  =  3lg  -— — -  cos  e. 

k^  Ar  P"  k^  -Y  p^ 

The  lamina  continues  to  rotate  round  AB  till  Pq  =  iiQq,  where  fx  is  the  coefficient 
of  friction.  The  value  of  0  when  the  lamina  begins  to  slip  is  given  therefore 
by  the  equation 

tan  e  =  — „  u. 

F  +  3p2  '^ 

4.  In  Ex.  3  a  mass  m  is  placed  at  a  point  D  on  the  lamina,  in  the  perpen- 
dicular from  its  centre  of  inertia  on  the  edge  of  the  table  ;  investigate  the 
motion,  and  find  the  inclination  at  which  slipping  begins. 

Let  0I>  =  h,  then,  since  the  initial  motion  is  a  rotation  round  AB  as  a  fixed 
axis,  we  have 

d^9 
{ MiTc^  +  J32)  +  ^^2  }  (jf^  +  ,„7^)  ^  COS  0.         {a) 


Hence,  by  integration, 

Mp  +  vnh 


-(S)' 


Jf  (/c2  +  i?2)  +  mh^ 


g  sin  Q.  (i) 


The  forces  acting  on  m,  in  addition  to  gravity,  are  the  force  of  friction  P  along 
DO^  and  the  resistance  Q,  perpendicular  to  BO,  of  the  plane.  Hence  the 
accelerations  of  m,  along  DO^  and  perpendicular  thereto,  are 

P  Q 

flf  sin  0 ,  and  o  cos  0 ; 

m  m 
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but,  since  OB  is  invariable  so  long  as  m  does  not  slide,  the  accelerations  of  m 
are  also  — Aw^^  and  h  — ,  by  (11)  and  (12),  Art.  28  ;  hence  we  have 

P=  w  (^  sin  5  +  /jei>2),     Q  =  m  f^cosO  —  A— |. 

{Mp  +  mh)h 
If  we  put  A  =   .,,,,- —. 

equations  («)  and  (b)  give 

d(t) 
h  —  =  \g  cos  0,  and  hut^  =  1\g  sin  0  ; 
At 

hence  we  get 

P  =  mg  sin  0(1  +  2a),     Q  =  v»^  cos  0  (1  -  A). 

"We  here  observe  that  Q  becomes  negative  if  Abe  greater  than  unity  ;  accord- 
ingly in  that  case  the  mass  m  is  left  behind  by  the  lamina  from  the  very  com- 
mencement of  the  motion,  unless  we  place  it  beneath  the  lamina. 

If  A  =  1,  ox  ph=  W"  +i?'^  we  have  Q  =  0  :  m  is  in  this  case  placed  at  the 
centre  of  oscillation,  and  begins  to  slip  at  the  very  commencement  of  the 

motion.     If  A  <  1 ,  w  begins  to  slip  when  tan  6i  =  fi  - — — . 

1  +  2a 
Next,  let  Fq  and  Qo  he  the  forces  parallel  and  perpendicular  to  OG,  exerted 
against  the  edge  of  the  table,  we  have,  (15),  Art.  236,  since  the  whole  system 
at  first  is  moving  as  a  rigid  body, 

Fq  =  {Mp  +  mh)  «2  4-  [M  +  m)  g  sin  9, 

Qq=  {M+  m) g  cose  -  {Mp  +  mh)  -—. 

dt 

Hence,  if  v  =  -— — -,  we  readily  get 

{M  +  m)h  ^  ^ 

Pq  =  {M+  m)g  sin0(l  +  2Aj/),     Qq  =  {M+m)g  cos0(l  -  \v). 

If  the  coeflScient  of  friction  relative  to  the  lamina  be  the  same  for  the  edge 
as  it  is  for  m,  the  lamina  begins  to  slip  when  Fq  =  fiQo,  or  when 

tan  00  =  9 — ^• 
1  +  2ai' 

Hence,  if  v  <l,  i.e.  if  h>p,  we  have  Bo  >  di,  and  therefore  in  this  case  the 
mass  will  slip  before  the  lamina  begins  to  slip. 

On  the  other  hand,  ii  h  <  p,  we  have  0i  >  0o,  and  slipping  begins  at  the 
edge  A£. 
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5.  In  Ex.  3,  if  any  number  of  masses  w^i,  m2,  &c.,  be  placed  on  the  lamina 
at  points  JDi,  Bz,  &c.,  on  the  line  OG,  investigate  the  motion. 
Let     OJ)i  =  hi,  0D2=h,  (fee,  then, 

do) Mp  +  mihi  +  mjhz  +  &c. 

dt  ~  M{k^  +i?-)  +  mi  Ai2  +  rmhi^  +  &c.  ^  ^°^    ' 

2  Mp  +  m\h\+m2h2-\-&.(i.  ,        . 


J!/p+wi/ii  + W2A2  +  &C.         _  ^1  _  ^2  _  „ 


If  we  put 

Mik"^  +i?2)  +  mi  hi^  +  mz  h-^  +  &c.      hx      h^ 

Jlfp  +  Wi^l  +  W2/i2  +  &C.  T  c 
— — =  riAi  =  1/2^2  =&C., 

M  +  mi  +  mz  +  &c. 


we  have 


and  also 


Pi  =  (1  +  2Ai)  mi^  sin  0,     Qi=  {I  -  \i)  miff  cos  a  ; 

P2  =  (1  +  2A2)  W2^  sin  9,     Qs  =  (1  -  A.2)  W2^  cos  6  ; 
&c.,  &c. ; 


(Jf  +  mi  +  m2  +  &c.)ff  sm  0 


=  1  +  2AiJ/i  =  1  +  2A2»'2  =  &c., 
=•  1  —     \iPi  =  1  —     XzVz  =  &c. 


{M  -{■  mi  ■{■  mz -\-  &c.)  ^  cos  d 
The  rest  of  the  investigation  is  the  same  as  in  the  last  example 

If      hi  >  hz,  then  Ai  >  Ao,  and —  < 


1  +  2Ai      1  +  2A2' 

and  therefore  di  <  dz,  or  mi  slips  before  mz :  that  is,  the  mass  farthest  from  the 
edge  begins  to  slip  first. 

6.  If  a  hoop  rolls  down  a  rough  inclined  plane  without  sliding,  show  that 
tan  i  <2fx;  the  initial  position  of  the  hoop  being  in  a  vertical  plane  at  right 
angles  to  the  intersection  of  the  inclined  plane  with  the  horizon. 

Take  the  initial  position  of  the  centre  of  the  hoop  for  origin,  and  the  inter- 
section of  the  inclined  plane  with  a  vertical  plane  at  right  angles  thereto  as  axis 
of  y,  its  positive  direction  being  downwards.  Let  the  positive  direction  of  rota- 
tion be  from  the  upper  side  of  the  inclined  plane  towards  y  positive.  Then, 
y  being  the  coordinate  of  the  centre  of  the  hoop,  m  its  mass,  a  its  radius,  and 
F  the  friction  brought  into  play,  the  equations  of  motion  are 

„du3       „  d^y  .    .       „ 

ma^  -—=:  Fa,     m  —^  =  ma  sm  %  —  F; 
dt  dt^ 
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but  the  motion  being  pure  rolling,  ««  =  —  ;  hence,  eliminating  we  obtain, 
F  =  — ;  but  F  <  fimg  cos » ;  therefore  tan  i>  2fx. 

7.  A  homogeneous  circular  disk,  whose  radius  is  a,  rolls  inside  a  rough  ver- 
tical circle  whose  radius  is  b  ;  the  motion  is 
pure  rolling  under  the  action  of  gravity ; 
show  that  the  rolling  forward  and  backward 
of  the  disk  is  isochronous  with  the  oscilla- 
tions of  a  simple  pendulum  whose  length 
isf  (*  -  a). 

We  have,  I  being  the  moment  of  inertia 
of  the  disk  round  an  axis  through  P,  « the 
angular  velocity,  and  6  the  angle  between 

1  d 

CA  and  CF,  -  ~  (Iw^)  =  2mga  sin  0  (0  being 
wdt 

reckoned  from  the  vertical  line  CA,  where  C 
is  the  centre  of  the  vertical  circle,  and  w  being  the  angular  velocity  of  the  disk 
rolling  down).  As  the  instantaneous  centre  of  rotation  lies,  in  this  case,  on  the 
circumference  of  the  disk,  /  i-emains  constant  throughout  the  motion ;  there- 
fore / —  =  mga  sin  B  ;  but  I  =  ^ma^  {Integral  Calculus,  Chap.  X.),  and 
dt 

aa>  =  -  {b  —  a)  — ,  since  either  represents  the  velocity  of  0.    Hence 

d'^e 
%{h-a)—  =  -  gsinO',  .'.  &c. 

The  student  will  observe  that  the  friction  at  F  does  not  enter  this  equation. 

8.  A  uniform  sphere,  resting  on  a  rough  horizontal  plane,  is  set  in  motion  by 
an  impulse  applied  in  a  vertical  plane  passing  through  its  centre.  Show  that, 
when  sliding  ceases,  the  rolling  motion  will  be  direct,  stationary,  or  retrograde, 
according  as  the  direction  of  the  impulse  intersects  the  vertical  diameter  above, 
at,  or  below  the  point  of  contact  with  the  plane. 

Let  V  be  the  velocity,  at  any  time,  of  the  centre  of  the  sphere  parallel  to  the 
intersection  of  the  horizontal  plane  with  the  vertical  plane  containing  the 
impulse ;  the  direction  of  the  latter  making  an  acute  angle  with  the  positive 
direction  of  v.  Let  ca  be  the  angular  velocity  of  the  sphere,  counted  from  the 
vertical  towards  the  direction  of  v  positive  :  then  V  and  fl,  the  initial  values  of 
*)  and  w,  are  determined  by  the  equations 

mV=Y,     mPn  =  Tb, 

where  T  is  the  horizontal  component  of  the  impulse,  and  b  the  distance  from 
the  centre,  at  which  its  line  of  direction  intersects  the  vertical  diameter  of  the 
sphere.     Eliminating  T,  we  obtain 

b7 
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For  the  subsequent  motion,  if  F  be  the  force  of  friction,  we  have  the  equations 

=  -Fa', 

0. 


dv      ^          -„  doi 

"^Tr^^  '"'  di 

whence 

dt           dt 

Integratii 

ig,  we  obtain 

«w-+  Few  =  constant  =  aV  + 

V+k^n  =  {a+b)  V. 
igfor 

{a+  b)r 


When  sliding  ceases  v  =  aa.     Substituting  for  v  in  the  preceding  equation,  we 
have 


a2  +  ^2 

Hence,  since  Fis  necessarily  positive,  u,  when  sliding  ceases,  is  positive,  zero, 
or  negative,  according  as 

a  +  b>0,     fl  4  i  =  0,     or     a  +  b  <0. 

The  first  condition  holds  good,  if  b  is  either  positive,  or  negative  and  less  than  a 
in  absolute  magnitude  ;  the  second,  ii  b  =  —  a;  the  third,  if  b  is  negative  and 
greater  than  a  in  absolute  magnitude. 

The  results  of  this  example  may  be  extended  to  other  solids  of  revolution. 

9.  A  circular  plate  rolls  down  the  inner  circumference  of  a  rough  circle  under 
the  action  of  gravity.  The  plane  of  the  plate  coincides  with  that  of  the  rough 
circle,  which  is  vertical.  Determine  the  amount  of  friction  brought  into  play 
if  the  plate  start  from  rest,  the  motion  being  pure  rolling.     {See  Ex.  7.) 

If  a>  be  the  angular  velocity  of  the  plate,  the  equations  of  motion  are 

d(a  d'd 

^ma^  —■  =  Fa,      m{b-'a)  -— -  =  -  mff  aiad  +  F 
dt  dt" 

together  with  the  equation  of  condition 

{b  —  a)  —=  -  aoj; 
hence  F=\mg  sin  0.  v 

10.  Show  that  the  plate  in  the  last  example  will  ascend  to  the  same  height 
as  that  from  which  it  started,  and  that  the  motion  will  go  on  for  ever. 

The  vis  viva  =  2mg [z -  zo)  :  this  will  vanish  when  z  =zq;  therefore,  &c. 

11.  Determine  the  velocity  of  rotation  of  the  plate  at  any  time. 

Ans.    («>2  =  A      ~,       (cos e  -  cos 0o)* 
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246.  Teiideucy  of  a  Rod  to  Break. — When  a  body 
is  under  the  influence  of  any  forces,  it  experiences  pressures 
or  tensions,  which  tend  to  alter  the  relative  positions  of  the 
molecules.  This  tendency  is  resisted  by  the  mutual  action 
of  the  molecules.  Under  such  circumstances  the  body  is 
said  to  be  in  a  state  of  stress. 

If  we  consider  a  small  rectangular  parallelepiped  in  the 
body,  the  stresses  acting  on  one  of  its  faces  may  be  resolved 
into  three  forces  at  right  angles  to  each  other — one  normal, 
and  two  parallel  to  the  face  under  consideration. 

To  ascertain  the  tendency  of  a  body  to  undergo  a  rupture 
in  any  part,  we  must  consider  the  stresses  to  which  it  is  sub- 
jected in  that  part.  If  the  mutual  cohesion  of  the  molecules 
is  unable  to  resist  these  stresses  the  body  must  give  way. 
The  question  is,  in  general,  one  of  great  complication,  and 
for  its  full  discussion  the  reader  is  referred  to  treatises  on 
Elasticity  and  Strength  of  Materials. 

If  the  body  under  consideration  be  a  rod,  that  is,  if  two  of 
its  dimensions  are  at  each  point  very  small,  the  question  be- 
comes much  simplified. 

The  axis  of  the  rod  may  be  a  straight  line,  or  may  form 
a  curve  of  any  kind.  We  shall  suppose  that  this  curve  is  not 
closed,  that  it  lies  in  one  plane  P,  and  that  the  rod  is  in 
equilibrium  under  the  action  of  forces  in  this  plane.  If  we 
consider  a  section  at  right  angles  to  the  axis  of  the  rod,  at 
any  points  of  its  length,  the  action  of  the  molecules  at  one 
side  of  this  section  on  those  at  the  other  must  equilibrate  all 
the  forces  acting  on  the  rod  at  the  latter  side.  These  may  be 
reduced  to  a  force  F,  passing  through  A^  and  a  couple  G, 
round  an  axis  a  at  right  angles  to  the  plane  P.  This  force 
and  couple,  therefore,  are  equivalent  to  the  stresses  acting  on 
the  rod  through  the  section  containing  A. 

That  the  tendency  of  the  rod  to  break  results  chiefly  from 
the  couple  may  be  shown  as  follows : — 

The  stresses  in  the  plane  of  the  section  cannot  give  any 
couple  round  the  axis  a,  since  a  either  meets  them  or  is  parallel 
to  them.  Hence  the  couple  G  must  produce  stresses,  parallel 
to  the  axis  of  the  rod  at  the  point  A,  whose  moment  round  A 
is  equal  to  G.     If  N  be  the  value  per  unit  of  area  of  the 
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greatest  of  these  stresses,  and  a  be  the  distance  from  A  of  the 

most  remote  point  of  the  section,  whose  area  may  be  denoted 

by  /S;  the  moment  round  A  of  the  stresses  parallel  to  the 

axis  must  be  less  than  NSa.     Hence,  if  we  assume  G  =  Fp, 

we  have 

F  p 

NSa  >  Fp.  and  therefore  iV  >  77  -. 

^  S  a 

If  we  now  seek  for  the  stress  per  unit  of  area  caused  by 

the  force  F,  we  have  N'  =  -^;    .'.  N'<-N. 

8  p 

Hence,  if  a  is  very  small  compared  with  p,  iV'  is  unim- 
portant compared  with  iV".  Accordingly,  in  general,  the 
tendency  of  the  rod  to  break  at  any  point  A  depends  simply 
on  iV,  i.e.  on  G,  the  moment  round  A  of  the  forces  acting  on 
the  rod  at  one  side  of  A. 

We  have  hitherto  supposed  the  rod  to  be  at  rest.  If  it 
be  in  motion,  we  can,  by  D'Alembert's  Principle,  consider  it 
as  in  equilibrium  under  the  action  of  the  applied  forces  and  the 
forces  of  inertia,  and  the  question  of  stress,  or  the  tendency  to 
break  at  any  point,  becomes  the  same  as  before,  except  that 
we  must  now  add  the  forces  of  inertia  to  the  other  forces 
acting  on  the  rod. 

If  the  rod  be  acted  on  by  impulses,  the  impulsive  tendency 
to  break  at  any  point  is  obtained  in  a  similar  manner,  and 
the  preceding  investigation  holds  good  provided  the  impulses 
be  substituted  for  the  applied  forces,  and  the  resulting 
changes  of  momentum  for  the  forces  of  inertia. 

I'o  find  the  couple  which  measures  the  tendency  of  a  rod  to 
break  at  any  point  P. 

Let  G  be  the  required  couple,  L'  the  moment  round  P  of 
the  forces  applied  to  the  portion  of  the  rod  on  one  side  of  this 
point,  5QI'  the  mass  of  this  portion  of  the  rod,  k'  its  radius  of 
gyration  round  its  own  centre  of  inertia  C\  and  A'  the  moment 
of  the  acceleration  of  C"  round  P,  then  by  (4),  Art.  240, 


G-r-w(M-^k''^,  (8) 
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In  the  case  of  impulses,  if  G  be  the  impulsive  couple  cor- 
responding to  G,  we  have 

G  =  L'-  W  {A'  +  k''  (a>  -  oiO ! ,  (9) 

where  A'  is  the  moment  round  P  of  the  change  of  velocity  of 
(7'  due  to  the  impulses,  and  w  and  a>'  are  the  angular  veloci- 
ties of  the  rod  after  and  before  the  action  of  the  impulses. 

Another  expression  for  G  which  is  often  useful  may  be 
found  as  follows  : — Let  //,  z  be  the  coordinates,  referred  to  a 
fixed  origin,  of  the  centre  of  inertia  C  of  the  whole  rod ;  h,  c 
those  of  P ;  y\  s'  those  of  C\  and  r/,  ^  those  of  any  point  of 
the  rod  referred  to  axes  through  C  parallel  to  the  fixed  axes, 
then, 

G=r-  S'm  {(.y  -h)z-{z-  c)  y]. 

But  y  =  'V+ri,     s  =  s  +  ^; 

substituting,  and  remembering  that 

S'my  =  Wy,     ^'mz  =  W  z\ 
we  obtain 

G=^n-WW-hyi-{z'-c)'t]-^m[{y-b)'t-{z~cyr,\,  (10) 
In  the  case  of  impulses  applied  to  a  rod  at  rest, 

G  =  U-m:\y-b)i-{z'-c)^]-'2:m[[y-h)\;-{z-c)'n].  (11) 

If  the  rod  be  in  motion  when  the  impulses  are  applied,  we 
must  substitute  in  (11)  for  y,  z,  rj,  and  ^  the  changes  in  their 
values  due  to  the  action  of  the  impulses. 

Examples. 

1.  A  uniform  straight  rod  AB  rotating  round  a  perpendicular  axis  passing 
through  one  extremity  A  is  struck  perpendicularly  at  a  point  Q  ;  find  the  ten- 
dency to  break  at  any  point  F. 

Let  B  be  the  impulse  of  the  blow,  a  the  length  of  the  rod,  m  its  mass,  «'  and 
w  its  angular  velocities  before  and  after  the  blow ;  also  let  0'  be  the  middle  point 
of  Pi?,  and  let  AF=  r,  AQ  =  h  ;  then, 

L'  =  R.FQ,     A'  =  PC".  ^{7' («-«'),     3^-'2  =  PC"2,     m'a  =  2mFC% 
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hence  we  have 

G  =  R.FQ-  —  FC'^ZAC  +  PC'){u>  -  «'). 

But  m—{(a-w')  =  R.AQ  =  Rh, 

3 

PQ^h-r,     PC-=^-^,     Aff^^l. 

Substituting  these  values  in  the  equation  for  G  we  obtain 

Rr 

2.  In  Ex.  1  find  the  position  of  the  point  at  which  the  tendency  to  break  is 
a  maximum. 

If  3h  >  2a,  the  tendency  to  break  is  a  maximum  when 

2a 


=W1-II 


3.  A  uniform  rod  is  turning  in  a  vertical  plane  round  a  horizontal  pivot  A, 
at  one  of  its  extremities.     Find  the  tendency  to  break  at  any  point  F. 

Adopting  the  same  notation  as  in  Ex.  1,  and  denoting  by  6  the  angle  which 
the  rod  makes  with  the  horizontal  line,  we  have 

-.-/     a  ~  r     , 

L  ■=■  — - —  mg  cos 0. 

Moreover,  since  C  is  moving  in  a  circle  round  A  as  centre,  its  acceleration  has 
two  components — one  at  right  angles  to  FC\  which  is 

2     It^' 
and  the  other  along  FC .     The  latter  gives  no  moment  round  F ;  hence 

a  +  r  a  -  r  dH 


"^          2         2       dt^^ 

and 

G=     2     m^cose      m'        ^       ^^    +k^^^^ 

but 

d^d                                            (a  —  r)2 
1  ma^  —^  =  ^mga  cos  d,  and  k'-  =  - — — -i-  ; 

whence 

G  =  -mg            '  r  cos  6. 
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4.  A  cracked  hoop  rolls  on  a  perfectly  rough  horizontal  plane.  Determine 
the  inclination  to  the  horizon  of  the  line  joining  the  crack  to  the  opposite  point 
when  the  tendency  to  break  at  this  point  is  the  greatest  possible. 


In  this  case  the  centre  of  inertia  of  the  hoop  moves  in  a  straight  line  -with  a 
constant  velocity.  Hence  its  acceleration  is  zero  ;  also  if  a  be  the  radius'of  the 
hoop, 

^,     M   I         .     2a    .    ^\      .        ^^     2a 
L  =  —g  [  a  cos  0  +  —  sm  0  j ,  since  CO  =  — , 

0  being  the  centre  of  inertia  of  the  semi-hoop  comprised  between  the  crack  Q 
and  the  opposite  point. 

Now,  since  the  angular  velocity  round  a  horizontal  axis  through  C  is  con- 
stant, the  system  offerees  mij,  wC,  &c.  in  (10),  are  equivalent  to  a  single  force 
M'ta'^ .  GO  in  the  direction  of  CO.      The  moment  of  this   force  round  P  is 

M —  a^,  which  is  independent  of  Q.    The  tendency  to  break  at  P  is  given  by 

TT 

the  equation 

xw      ,^  (      feosd      sine\       a-u^) 

2 
Hence  the  tendency  to  break  is   a  maximum  when  tan  0  =  -,    provided 


^  (2  +  Vir^  H-  4)  >  iauy^.     This  condition  appears  by  considering  when  G  attains 
its  greatest  magnitude,  irrespective  of  sign,  if  it  should  become  negative. 

5.  In  Ex.  3  find  at  what  point  of  the  rod  the  tendency  to  break  is  a  maxi- 
mum. Ans.  r  =  ia. 

6.  A  semicircular  wire,  of  radius  a,  lying  on  a  smooth  horizontal  table,  turns 
round  one  extremity  A,  with  a  constant  angular  velocity  w.  Find  the  tendency 
to  break  at  any  point  F. 

Let  0  be  the  centre  of  inertia  of  the  arc  FB,  and  let  FCA  =  <p.  Join  AO^ 
AF,  and  FO  ;  then,  since  the  angular  velocity  is  constant,  the  acceleration  of  0 

is  a>2  .  AO.     Consequently  —  is  double  the  area  of  the  triangle  AFO ;  but  since 

AF  and  CO  are  parallel,  the  triangle  AFO  is  equal  to  the  triangle  ^CP ; 

hence  A'  =  a^«^  sin  ^,     and     G  =  m a"-  co^  sin  <f>. 
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Accordingly  the  tendency  to  break  is  a  maximum  at  the  point  determined  by 
the  equation  tan  </>  =  x  -  (/>. 


This  example,  as  well  as  3  and  4,  are  taken  from  Eouth,  Rigid  Dynamics. 

7.  A  free  uniform  straight  rod  is  set  in  motion  by  a  perpendicular  impulse  ; 
find  the  tendency  to  break  at  any  point  F. 

Let  AB  be  the  rod,  G  its  middle  point,  M  its  mass,  2a  its  length,  Q  the  point 
at  which  it  receives  the  impulse  R,  C  the  middle  point  of  PB,  M'  its  mass, 
V  the  velocity  of  C,  and  &>  the  angular  velocity  of  the  rod  after  the  action  of  the 
impulse ;  let  OF  =  r,  CQ  =  h,  then 

L'=R.FQ,     {y'  -b)z-{zf-c)y  =  FC'.v, 

:S'm{{y-b)C-{z-c)'h}  =  M'{FC\CC'(o  +  k'^u); 

but  k''  =  ^,  FC'^t:^,   cc'=i±r, 

and  also,  Mv  =  R,     M  —  w  =  Rh  ; 

3 

hence  from  (11)  we  obtain  by  substitution 

G^  =  -^  [4a3  (A  -  r)  -{a-  rf  {a^  +  2ka  +  Ar)]  =  ~{r  +  a)^  {2ah  -a^-  hr). 

8.  In  Ex.  7  find  at  what  point  of  the  rod  the  tendency  to  break  is  a  maximum. 
dG  f        2a\ 

The  value  of  r  which  makes  -—■  =  0  is  a  1 1  —  rr  J  •  If  we  substitute  this  value 
dr  \        Zhf 

d^'G  d-'G 

of  r  in  G^  and  in  —-z  >  we  find  that  G  is  positive  and  -3-^  negative  when  3A  >  a ; 
dr^  .  dr^ 

d-'G 
also  G  is  negative  and  -—-  positive  when  3A  <  a.    Hence  in  any  case  the  ten- 
dency to  break  is  a  maximum  when  r  =  «  (  ^  "  ^  )  • 

x2 
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247.  Impulsive  Friction. — When  two  rough  surfaces 
collide,  the  investigation  of  what  takes  place  is,  in  general, 
somewhat  complicated.  We  must  regard  R  and  F,  the  im- 
pulses of  the  normal  reaction  and  friction,  as  variable  quan- 
tities, connected,  at  each  instant  of  the  impact,  by  linear 
equations  with  the  coexisting  values  of  the  velocities  of  rota- 
tion of  the  bodies  and  of  the  velocities  of  translation  of  their 
centres  of  inertia.  The  laws  which  regulate  the  impulse  of 
friction  may  then  be  stated  as  follows  : — 

(1)  The  direction  of  the  elementary  impulse  dF  due  to 
friction  is  opposite  to  that  of  the  slipping  of  the  point  of 
contact,  if  there  be  slipping ;  and  if  there  be  no  slipping,  is 
such  as  to  prevent  slipping. 

(2)  The  magnitude  of  dFi%,  if  possible,  just  sufficient  to 
prevent  slipping,  and  when  slipping  takes  place  dF  =  ^idR, 
II  being  the  coefficient  of  dynamical  friction. 

The  equations  of  motion  for  impulses  (Art.  242)  show 
that  the  relative  normal  and  tangential  velocities  of  the  points 
of  the  bodies  in  contact  are,  at  each  instant,  of  the  form 
AR  +  BF  +  (7,  where  A,  B,  and  C  are  constant  during  the 
impact. 

The  value  of  R  is  at  first  zero  ;  when  it  becomes  R^  (at  the 
end  of  the  first  period  of  the  impact),  the  relative  normal 
velocity  is  zero ;  and  the  maximum  value  of  R,  which  it 
assumes  at  the  end  of  the  whole  impact,  is  (1  +  e)Rx. 

These  principles  afford  a  sufficient  number  of  equations  to 
determine  the  motion ;  and,  in  the  case  of  motion  parallel  to  a 
fixed  plane,  the  equations  are  always  soluble. 

If  the  bodies  which  collide  are  perfectly  rough,  the  relative 
tangential  velocity  of  the  colliding  points,  or  the  velocity  of 
slipping,  is  always  zero ;  and  when  R  =  i?i,  the  relative  nor- 
mal velocity  is  likewise  zero.  Hence  we  have  two  equations  to 
determine  Ri  and  the  corresponding  value  of  F.  At  the  end 
of  the  impact  R  =  {1+  e)Rx ;  and  the  relative  tangential  velocity 
being  still  zero,  the  corresponding  value  of  F  can  be  de- 
termined. 

If  the  bodies  slip  on  each  other  in  the  same  direction  during 
the  whole  of  the  impact,  dF  is  always  equal  to  judR ;  hence 
F=  fxR  throughout.  Ri  is  then  determined  from  the  equation 
expressing  that  the  relative  normal  velocity  is  zero  ;  and  the 
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final  values  of  B  and  F,  which  determine  the  motion  after  the 
impact,  are  (1  +  e)Ri     and  /u(l  +  e)jRi. 

For  a  discussion  of  the  problem  in  more  complicated  cases 
the  reader  is  referred  to  Eouth,  Rigid  Dynamics. 

If  a  sphere  impinges  against  a  fixed  surface,  or  if  two 
spheres  collide  with  each  other,  the  relative  tangential  velo- 
city V  depends  upon  the  velocities  of  rotation  of  the  spheres, 
and  the  velocities  of  their  centres  parallel  to  the  common 
tangent.  It  is  therefore  independent  of  the  normal  reaction, 
and  the  relative  normal  velocity  in  like  manner  is  independent 
of  the  friction.  In  this  case,  if  v  become  zero  it  must  re- 
main zero,  as  friction  cannot  initiate  a  relative  tangential 
velocity  in  its  own  line  of  direction.  Hence  v  must  be  either 
zero  at  the  end  of  the  impact,  or  in  the  same  direction  as  at 
the  beginning.  Moreover,  the  value  of  Rx  is  independent  of 
F.  The  problem  is,  therefore,  reducible  to  one  of  the  two 
cases  treated  above. 

If  we  assume  at  first  that  there  is  no  slipping,  and  obtain 
the  final  value  of  F  on  this  hypothesis,  the  solution  is  correct, 
provided  the  value  of  jPso  obtained  does  not  exceed //(I  +  e)Ri. 
If  this  value  of  i^does  exceed  jli(1  +  e)Rx,  then  slipping  takes 
place  in  the  same  direction  throughout  the  impact,  and  the 
final  value  of  F  which  determines  the  subsequent  motion  is 
fx[l  +  e)R,. 

Examples. 

1 .  A  box,  placed  on  a  rougli  horizontal  table,  carries  two  vertical  rods  which 
support  a  horizontal  rod  from  which  a  mass  m  is  suspended.  A  fine  string, 
fastened  to  the  box,  and  passing  over  a  pulley  at  the  edge  of  the  table,  is 
attached  to  a  mass  M'  which,  when  set  in  motion,  causes  the  box  and  suspended 
mass  m  to  move  with  a  uniform  velocity.  The  string  which  supports  m  is  now 
cut,  and  m  falls  into  the  box.  If  its  velocity  after  m  has  struck  it  be  equal 
to  its  original  velocity,  and  if  the  friction  on  the  axle  of  the  pulley  be  neglected, 
show  that  the  coefficients  of  impulsive  and  continuous  friction  are  equal. 

Let  MhQ  the  mass  of  the  box  and  frame- work,  v'  its  original  velocity,  /*  the 
coefficient  of  dynamical  friction,  R  the  impulse  of  the  normal  reaction,  and  F 
the  impulse  of  the  friction,  developed  between  the  table  and  box  when  the  latter 
is  struck  by  m.  Since  the  box  originally  moves  with  a  constant  velocity,  we 
have  M'g  =  ^u  {M  +  m)g.  After  the  string  supporting  m  is  cut,  the  box  is  acted 
on  by  an  acceleration  /,  during  the  time  t,  in  which  in  is  falling.  If  /  be  the 
moment  of  inertia  of  the  pulley,  and  a  its  radius,  /  is  given  by  the  equation 

(^M'  +  M+  ^)i  f=  {M'  -  „3I)g  =  (,mg.  {a) 
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The  velocity  of  the  hox  when  struck  by  m  is  v'  +  fL      Hence  its  velocity  v 
after  the  impact  is  given  by  the  equation 


(M-\-m  +  M'  +  -\  v=  (M+M'  +  -\{v'-^ft)  +  mv'-F. 


{h) 


If  V  =  v',  from  (i)  we  get  Im+M'  +-\ft  =  F;  this,  by  (a),  is  reduced  to 

J^=  fimfft;  but  JR  =  mgt,  and  therefore  F=  /xR. 

This  example  is  a  description  of  the  experiment  by  which  Morin  showed 
that  impulsive  and  continuous  friction  obey  the  same  law,  and  have  the  same 
coefficient. 

If  the  friction  on  the  axle  of  the  pulley  were  taken  into  account,  the  terms 
arising  from  thence  in  the  above  equations  would  each  contain  as  a  factor  the 

quantity  -,  where  a  is  the  radius  of  the  axle.     But  as  a  is  very  small  compared 

with  a,  these  terms  may  be  neglected. 

2.  A  sphere,  rotating  with  an  angular  velocity  a  round  a  horizontal  axis 
at  right  angles  to  the  plane  of  the  trajectory  of  its  centre,  impinges  on  a  perfectly 
rough  horizontal  plane  :  find  the  motion  immediately  after  impact. 

Suppose  the  sphere  is  moving  from  left  to  right  before  impact  with  a  velocity  V, 
whose  direction  makes  an  angle  i  with  the  plane  of  the  horizon.  Let  ca  be  the 
angular  velocity  in  the  direction  of  the  motion  of  the  hands  of  a  watch,  and 
V  the  horizontal  velocity  of  the  centre  at  the  instant  after  impact.  F  being 
the  impulse  arising  from  friction,  the  equations  of  motion  are 

Mv  =  MF  COS  i  +  F, 
^Ma'^o)=^Ma^£l-aF. 

The  geometrical  condition  for  no  slipping  is 

V  —  aoa  =  0\ 

F 

whence  -— =  -f  (Fcosi  — an), 

M 

V  =  aw  =  fV  cos  i+^an. 

If  Vcosi=  an.,  no  impulsive  friction  is  called  into  play.  If  F  cos  i  >  cXl,  the 
horizontal  velocity  of  the  centre  of  the  sphere  is  diminished,  and  the  sphere  re- 
bounds at  a  greater  angle  than  if  there  were  no  friction.  If  V  cos  i<an  the 
horizontal  velocity  of  the  sphere  is  increased,  and  the  sphere  rebounds  at  a 
smaller  angle  than  if  there  were  no  friction.  In  this  case  friction  accelerates  the 
horizontal  velocity  of  the  centre  of  the  sphere. 

If  il  is  opposite  in  direction  to  the  motion  of  the  hands  of  a  watch, 

V  =  -f-Fcosi  —  fan. 

The  velocity  of  the  centre  of  the  sphere  along  the  horizontal  line  is  dimi- 
nished, and  the  sphere  will  rebound  at  a  greater  angle  than  if  there  were  no 
friction.  If  6  F  cos  t  =  2an  the  sphere  will  rebound  vertically.  If  2an>6Fcost 
the  sphere  will  hop  back.  This  explains  the  effect  of  slow  under-cut  in  tennis. 
The  numerical  factors  for  a  tennis  ball  may  of  course  be  different  from  those 
given  above. 
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The  magnitude  of  the  total  normal  reaction  between  the  sphere  and  the  plane 
„  .  .       ,.,         2(Fcosi-an)    ^, 

IS  if  (1  +  0  rsini.     Hence,  m  any  case  m  which  )U>,.-   .    .^^  .    .,  the  pre- 
^  '  J  ^  7(1  +  ^)  Ksme 

ceding  investigation  holds  good,  even  though  the  plane  be  not  perfectly  rough. 
If  n  be  counter-clockwise  its  sign  must  be  changed  in  the  above  expression  for 
the  limiting  value  of  fx. 

3.  If  the  plane  in  the  last  example  be  imperfectly  rough,  so  that  the  impul- 
sive friction  is  not  sufficient  to  destroy  the  whole  tangential  velocity  of  the  point 
of  contact  of  the  sphere  with  the  plane,  determine  the  motion. 
The  equations  are,  if  V  cos  i>«n, 

^Ma^cc  =  fifa^n  +  fi{l  +  e)  MVa  sinn 

The  sign  of /i  must  be  changed  in  these  equations  if  Fcosi  <  ail,  and  the 
sign  of  ii  if  its  direction  be  counter-clockwise. 

248.  Rolling  and  Twisting  Friction. — In  questions 
relating  to  friction,  if  great  accuracy  be  required  in  the 
determination  of  the  motion,  it  is  necessary  to  take  into 
account  not  only  the  tangential  force  of  friction,  but  also 
what  is  called  the  couple  of  rolling  friction,  which  is  a  couple 
having  for  its  axis  the  tangent  to  the  rough  surface  round 
which  the  body  is  rotating.  Its  maximum  value  is  the 
normal  pressure  multiplied  by  a  linear  constant,  and  is 
generally  small  in  amount,  so  that  in  solving  questions  con- 
nected with  friction  this  couple  is  usually  neglected.  The 
direction  in  which  the  couple  of  rolling  friction  tends  to  turn 
the  body  is  opposite  to  that  in  which  it  is  actually  rotating. 
If  the  body  be  not  actually  rotating,  but  be  acted  on  by  forces 
tending  to  make  it  rotate,  the  couple  of  rolling  friction  tends 
to  prevent  rotation  round  a  common  tangent  to  the  two  rough 
surfaces.] 

If  the  surfaces  have  a  relative  angular  velocity  about  the 

common  normal,  then,  besides  the  tangential  force  of  friction, 

and  the  couple   of  rolling  friction,  there  is  also  a  couple, 

having  the  normal  as  its  axis,  called  the  couple  of  twisting 

friction.     This  couple  likewise  is  usually  small  in  amount. 

Examples. 

1.  Taking  into  account  the  couple  of  rolling  friction,  and  supposing  the 
motion  to  be  still  pure  rolling,  determine  in  Ex.  9,  Art.  245,  the  amount  of 
friction  brought  into  play,  and  the  angular  velocity  in  any  position. 
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Let  R  be  the  normal  reaction  between  the  plate  and  circle  at  any  time,  and 
fR  the  couple  of  rolling  friction ;  then  the  equations  of  rotation  of  the  plate  are 

dw  d'^B 

Ima^  —  =  Fa  -fR,  m{b-a)  — j-  =  F- mg  sm  e. 

Also  R  =  m{gcosd  +  {b  —  a)e'^]^  and  {h-a)e  =  -au. 

Hence,  putting    -  =  v,    jP=  ^m  j  ^  sin  0  +  2*^^  cos  0  +  2 v  ( J  -  a)02  j  ; 

consequently  we  obtain 

t(*-«);rT  =  »'|/7COS0  +  {b-a)eA-g«ixi.B. 
If  we  change  the  independent  variable  by  means  of  the  symbolic  equation 

37  =  0  — ,  and  put  z^—  =  w,  we  get 
at         dd  0  —  a 

-^UA  =%[n{v(iQBQ-sva.B)->rveA' 

The  solution  of  this  differential  equation  is  of  the  form 

02  =  Ce^vO  +  i)  cos  0  +  -E  sin  0, 

where  C  is  an  arbitrary  constant.  Determining  the  constants  B  and  E,  we 
obtain 

02  =  Ce^^  +  _i^-({3  -  4i/2)  cos  e^rlv  sin  0  {  • 
9+16j/2(  ) 

If  00  be  the  initial  value  of  0,  we  have,  since  0o  =  0, 

C=  -  9-^2  { (3  -  4^2)  cos  00  +  1v sin  0o|  e'^"^^. 

When  0  is  determined,  00  can  be  found  by  the  equation  au  =  —  {b  —  a)B. 

2.  A  circular  plate  is  projected  along  a  rough  horizontal  plane,  with  an 
initial  velocity  F  of  translation,  and  an  angular  velocity  Xi,  round  an  axis  through 
its  centre,  at  right  angles  to  its  plane.  Determine  the  motion,  neglecting  the 
couple  of  roUing  friction. 

Let  w  denote  the  angular  velocity  — ,  and  v  the  velocity  of  the  centre,  at  any 

time,  and  let  ir,  the  horizontal  coordinate  of  the  centre,  be  measured  in  the  direc- 
tion of  F,  as  in  the  figure ;  then  the  whole  velocity  of  P  is  v  -  ff«,  where  a  is 
the  radius  of  the  plate. 

c  f 

St 


X'  P  X 

Different  phenomena  present  themselves  according  to  the  values  of  Fand  fl 
(1)  fl  positive,  and  V>  afl. 
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Since  V-  an  is  positive,  P  begins  to  slip  along  FX ;  therefore  F=  (xMg,  and 
the  equations  of  motion  are 


V-aa 


Pure  rolling  commences  when    v  —  fl!a?  =  0,  i.e.  at  a  time  to  equal  to 

then  aa)  =  v  =  f  F+  ^  afi. 

The  equations  for  the  subsequent  motion  are 

dv  d(D 

v  =  aa,,     M—  =  -F,    lMa'—  =  Fa, 
at  at 

where  F  is  the  amount  of  friction  brought  into  play. 

Hence  P  =  0,  and  the  disk  will  roll  on  with  a  constant  velocity  of  rotation 
round  the  instantaneous  axis. 

(2)  n  positive  as  before,  V<aCl. 

Since  V—  auis,  negative,  F  commences  by  slipping  back  towards  X' . 

The  equations  given  above  must  in  this  case  be  modified  by  changing  the 
sign  of  IX.  The  initial  velocity  of  translation  of  the  centre  is,  in  this  case, 
increased. 

(3)  Initial  angular  velocity  negative  and  equal  to  —  n. 

Here  we  must  change  the  sign  of  Xi  in  the  equations  of  case  (1). 

If  «n>  2F,  both  V  and  «  will  be  negative,  that  is,  the  motion  of  translation 
of  the  centre  will  be  in  the  direction  opposite  to  that  originally  imparted,  and 
the  rotation  will  be  in  the  same  direction  as  the  initial  rotation. 

^  3.  Discuss  the  same  problem,  taking  into  account  the  couple  of  rolling 
friction. 

Here  we  have 

M^  =  -f,Mff,     iMa^^  =  nMga-fMff. 

f 
Putting  -  =  I/,  we  find  then  that  pure  rolling  commences  when 

r-aa 


{3fi-2v)g 

At  this  instant  v  =  2r(^-^)+/^^Q  ^ 

3^-2,/ 
After  this  the  equations  of  motion  become 

along  with  v  =  ao} ;  whence  F=  %vMg. 

This  expression  shows  that  the  friction  brought  into  play  varies  inversely  as 
the  radius  of  the  plate,  provided  its  mass  be  constant. 
The  plate  will  come  to  rest  at  a  time 

.,  _  3i'o 
~  2vg' 
where  If  is  counted  from  the  instant  when  puie  rolling  begins. 
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In  order  that  the  motion  should  become  pure  rolling  it  is  necessary  that 

The  student  will  have  no  difficulty  in  investigating  cases  (2)  and  (3)  of  Ex.  2, 
when  the  couple  of  rolling  friction  is  taken  into  account. 

4.  A  sphere  is  projected  down  a  rough  inclined  plane,  along  a  line  of 
greatest  slope  of  the  plane.  The  sphere  has  an  initial  velocity  of  rotation  round 
a  horizontal  axis  parallel  to  the  inclined  plane  ;  determine  the  motion— (1)  neg- 
lecting the  couple  of  rolling  friction ;  (2)  taking  that  couple  into  account. 

Let  the  line  of  projection  be  the  axis  of  x,  and  let  x  positive  be  measured  to 
the  right,  and  w,  the  angular  velocity,  be  in  the  direction  of  the  motion  of  the 
hands  of  a  watch.  Let  V  be  the  initial  velocity  of  translation  of  the  centre  of 
the  sphere,  and  n  the  initial  angular  velocity. 

(1)  The  equations  of  motion  are, 

and  the  condition  for  pure  rolling  is 

V  -  att  =  0. 

If  tQ  be  the  time  at  which  pure  rolling  begins,  then 

2  ( V-  aa)  2  (flQ  -  F) 

**      (7/*  cost  -  2  sin  i)^'       ~(7/ttcos  i  + 2sini)^' 

according  as  F>  an,  or  an  >  V,  where  n  is  the  coefficient  oi dynamical  friction. 
If  F—  an  >  0,  we  must  have  Ifx  cos  i  >  2  sin  i  in  order  that  pure  roUing  should 
be  attainable.     If  F  —  «n  =  0,  pure  rolling  will  continue,  provided  7/t'  cos  i 

>  2  sin  i  (where  ix  is  the  coefficient  of  statical  friction) .  If  F  -  aH  <  0,  pure 
rolling  will  be  reached  necessarily,  and  will  then  continue,  provided  7/i'  cos  i 

>  2  sint. 

If  vq  and  wq  be  the  values  of  v  and  a>  when  pure  rolling  is  attained, 

5it  F cos  i  —  2  (sin  i—  u  cos  i)  an 

aa>o  =  Vo=  — ^^ — — T^^^ , 

7/i  cos  I  —  2  sin  t 


««o  =  ^0  = 


5/i F cos  i+2  (sin i  +  fi  cos  i)  an 
7/1  cos  i  +  2  sin  i  ' 


according  as  F  —  afl  is  positive  or  negative.  It  may  be  observed  that  the 
equations  for  the  latter  case  can  be  obtained  from  those  for  the  former^  by 
changing  the  sign  of  /t .     After  pure  roiling  begins,  if  it  continues,  F=  f  Mff  sin 

V  =  au)  =  f  {t  —  to)  ^  sin  i  +  awQ. 

(2)  The  equations  of  motion  are 

d^x  dto 

M ---z- =  Mg  Bia  i  -  F,      f  Ma"^  —  =  Fa  -fMg  cos  i. 
dt^  dt 
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Hence,  putting  -  =  v,  we  have,  when  V>  a£l,  Cl  being  positive, 

2(r-an) 

to  =  — — —  • 


{  7/i  —  bv)  cos  i  —  2  sin  i}  ^ ' 
and  in  order  that  pure  rolling  may  be  possible,  l^i,  —  bv  >2  tan  i. 

.     .  5  (u  -  J/)  F  cos  i  —  2  (sin  t  —  u  cos  i)  aH 

Again,  Vo  =  f^f^a  = 1^ T~\ ^ — 7r~- — '• > 

^      '  "  (7/i -5j/)  cost- 2  sine 

and  at  any  time  after  pure  rolling  is  established, 

aa  =  «o>o  +  yg  (sin  i  -  y  cos  i)  {t  —  to). 

"When  V <  an,  the  equations  corresponding  to  this  case  are  obtained  from 
those  above  by  changing  the  sign  of  /x. 

If  the  initial  angular  velocity  be  negative,  and  equal  to  -  n,  the  equations  of 
motion  are 

M  -—r  =  Mff  sin  i  —  fi  Mg  cos  i, 

OiOi 

^Ma^  ■—  =  UfiMg  cosi  +fMg  cost, 
at 

until  «  =  0.     This  takes  place  at  a  time  ^i  given  by  the  equation 

2«n 

h  = 

5g  cos  I  (jLi  +  v) 

Then 

2a  n(sin  t  —  /it  cos  t)  +  5  F  cos  i  (/u  +  v) 

Uj  :=    ■ — — , 

5  cos  i{fi+  v) 
After  this  a  is  positive,  and 


2^1 ifi  -v)aCl+  {fi  +  v)V 

■oai-2sini}g  ~     {fi  +  v)  {{7  ix  -  6v)  cosi-  2 

fi  -  V     5  {fi  +  v)  V  cos  i  +  2  (sin  i  —  n  cos  t)  gQ 


^       ^"^  {(7/i-5j/)cosi-2sint}<7         (/i  + »/)  {(7/i- 6v)  cosi  -  2sini}/ 


and  Vn  =  awQ  =  .  ,«        ,-  v         .     «    •    . 

fi  +  V  (7/t  -  Sv)  cos  t  —  2  sm  t 

6.  A  number  of  spheres  are  projected  in  different  directions  with  different 
initial  velocities  along  a  rough  horizontal  plane  ;  find  the  path  of  their  common 
centre  of  inertia. 

Ans.  A  series  of  parabolas,  and  finally  a  straight  line  (see  (1),  Ex.  2). 
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6.  A  hollow  cylinder  filled  with  water  is  projected  without  initial  rotation 
in  a  direction  perpendicular  to  its  axis,  along  a  rough  horizontal  plane  ;  deter- 
mine the  time  at  which  pure  rolling  hegins,  the  amount  of  friction  subsequently 
brought  into  play,  and  the  time  at  which  the  cylinder  comes  to  rest. 

Let  M  be  the  mass  of  the  cylinder  and  contained  water,  I  the  moment  of 
inertia  of  the  cylinder  round  its  central  axis,  a  the  radius  of  its  external  surface, 
H  and /the  coeflScients  of  sliding  and  rolling  friction,  Fthe  initial  velocity  of  the 
common  centre  of  inertia  G  of  the  cylinder  and  contained  water,  ^i  the  time  at 
which  pure  rolling  begins,  F  the  friction  subsequently  brought  into  play,  Vi  the 
velocity  of  the  point  G  at  the  time  ^i,  tz^  the  time  at  which  the  cylinder  comes 

f 
to  rest.    Then,  putting  -  =  i/,  we  find 
(I 

F=  — -  vMff,    vi  =  —-^, '—  r,    tz  =  — , 


where  A/=  Ma'^.  As  A.  increases,  F  increases,  and  so  in  general  does  vi,  whilst 
ti  diminishes,  and  tz  in  every  case  remains  constant,  being  the  same  as  in  the 
case  of  a  solid  cylinder  (see  Ex.  3). 
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CHAPTEE  XL 

MOTION  OF  A  RIGID  BODY  IN  GENERAL. 

Section  I. — Kinematics, 

249.  Motion  of  a  Body   baving    one    Point  fixed. — 

If  a  rigid  body  have  a  fixed  point,  a  spherical  surface  8  fixed 
in  the  body,  with  this  point  as  centre,  must  move  about  on  the 
surface  of  an  equal  concentric  sphere  fixed  in  space.  The 
position  in  space  of  S,  or  of  any  definite  great  circle  on  it, 
determines  that  of  the  body.  Hence  the  motion  of  a  body 
having  a  fixed  point  is  reducible  to  the  motion  of  a  spherical 
figure  on  a  sphere  fixed  in  space.  The  position  of  such  a 
figure  is  determined  by  the  positions  of  any  two  definite 
points  A  and  -S  in  it.  If  the  points  A  and  B  move  into  new 
positions  A'  and  jB',  arcs  of  great  circles  bisecting  AA'  and 
BB^  at  right  angles  will  meet  in  a  point  0,  and  the  angle 
AOA'  =  BOB'",  but  the  great  circle  OA  can  be  moved  into 
the  position  OA!  by  turning  it  through  the  angle  AOA'  round 
the  axis  CO  ( C  being  the  centre  of  the  sphere) ;  and  since 
AOA'  =  BOB\  the  same  rotation  brings  OB  into  the  position 
OB',  Hence  a  rotation  round  0(7  brings  the  spherical  figure, 
of  which  A  and  B  are  definite  points,  from  the  first  position 
into  the  second.  The  point  0  is  called  the  pole  of  rotation 
{Differential  Calculus,  Art.  300). 

Consequently,  a  rigid  body  having  a  point  fixed  can  be  moved 
from  any  one  position  into  any  other  by  a  rotation  round  an 
axis  through  the  point,  , 

250.  Composition  of  Rotations  round  Axes  meet- 
ing in  a  Point. — If  a  body  receive  rotational  displacements 
round  two  axes  fixed  in  space,  passing  through  the  same 
point,  the  resultant  displacement  may  be  effected  by  a  rota- 
tion round  a  single  axis. 

If  the  displacements  be  infinitely  small,  it  appears,  as  in 
Article  220,  that  the  order  in  which  they  are  effected  is  in- 
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different,  and  also  that  it  is  indifferent  whether  the  axes  be 
fixed  in  space  or  be  axes  fixed  in  the  body,  whose  positions  at 
the  commencement  of  the  infinitely  small  motion  coincide 
with  those  of  the  axes  fixed  in  space.  If  the  two  displace- 
ments be  regarded  as  simultaneous,  the  resultant  rotation  is 
the  actual  motion  of  the  body.     Hence  we  see  that — 

A  velocity  of  rotation  round  a  single  axis  is  equivalent  to 
velocities  of  rotation  round  two  axes  meeting  the  axis  of  the 
resultant  rotation  in  the  same  point. 

Bein^ given  the  velocities  of  rotation  of  a  rigid  body  round 
two  axes  meeting  in  a  point,  to  determine  the  velocity  of  the  re- 
sultant rotation  and  the  position  of  its  axis. 

Let  OA  and  OB  be  the  axes  of  the  component  rotations, 
and  R  a  point  on  the  axis  of 
the  resultant  rotation.  As  R  is 
at  rest  during  the  motion,  its 
displacement  from  the  rotation 
round  OA  must  be  equal  and 
opposite  ,to  that  from  the  rota- 
tion round  OB.  Hence  the 
circles  passing  through  R,  and 
having  their  planes  at  right 
angles  to  OA  and  OB,  and  their 
centres  on  those  lines,  touch  oiR. 
Hence  OA,  OB,  and  OR  lie  in  the  same  plane.  This  appears 
readily  from  the  fact,  that  if  two  small  circles  of  a  sphere 
touch,  the  arc  of  a  great  circle  joining  their  poles  passes 
through  the  point  of  contact.  Again,  AR  multiplied  by  the 
angular  velocity  round  OA  is  equal  and  opposite  to  BR  mul- 
tiplied by  the  angular  velocity  round  OB.  If  these  angular 
velocities  be  denoted  by  a  and  j3,  we  have 

a  ^         (5 


Bin  B  OR  8m  A  OR' 
To  find  w,  the  angular  velocity  of  the  resultant  rotation, 
consider  the  motion  of  -4.  It  is  unaffected  by  the  rotation 
round  OA,  and  may  be  regarded  indifferently,  as  rotating 
round  OB  with  angular  velocity  j3,  or  as  rotating  round  OR 
with  angular  velocity  w. 
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If  perpendiculars  AP  and  -4Q  be  let  fall  on  OB  and  OBy 
we  have  then  AP, ^  =  AQ.cj.     Hence 

o)  (5  a 


sin  A  OB     sin  A  OB     sin  BOB 

Hence,  finally — The  axis  of  the  resultant  rotation  lies  in  the 
same  plane  as  the  axes  of  the  component  rotations,  and  makes 
icith  each  an  angle  whose  sine  is  proportional  to  the  velocity  of 
rotation  round  the  other  ;  and  the  velocity  of  the  resultant  rota- 
tion is  proportional  to  the  sine  of  the  angle  between  the  axes  of  the 
component  rotations. 

Accordingly,  velocities  of  rotation  are  compounded  in 
precisely  the  same  manner  as  velocities  of  translation,  or  as 
forces  meeting  in  a  point. 

By  reversing  the  reasoning  above,  it  can  be  shown  that  a 
point  jB,  taken  as  above,  remains  at  rest  under  the  influence 
of  two  velocities  of  rotation  round  OA  and  OB ;  whence  we 
have  an  independent  proof,  that  infinitely  small  rotations 
round  two  intersecting  axes  are  equivalent  to  a  single  one 
round  an  axis  lying  in  the  plane  of  the  two  former,  and 
passing  through  their  point  of  intersection. 

We  have  already  seen,  Article  221,  that  velocities  of 
rotation  round  parallel  axes  are  compounded  in  the  same  way 
as  parallel  forces.  Hence,  in  general —  Velocities  of  rotation 
are  compounded  like  forces,  whose  directions  coincide  with  the 
axes  of  rotation,  and  whose  magnitudes  are  proportional  to  the 
velocities  of  rotation. 

The  attention  of  the  reader  has  been  directed  in  Article 
221  to  the  algebraical  signs  of  velocities  of  rotation.  In 
addition  to  what  was  there  stated,  it  may  be  observed, 
that  the  axis  of  a  rotation  may  be  made  to  represent  the 
rotation  both  in  magnitude  and  direction.  In  this  case  the 
axis  is  drawn  so  that  the  rotation  round  it  is  always  positive. 
For  example,  instead  of  speaking  of  a  negative  rotation 
round  the  axis  of  X,  we  may  designate  it  simply  as  a  ro- 
tation round  the  axis  of  X  negative.  When  the  axis  of  a 
rotation  determines  the  direction  of  the  rotation,  the  latter  is 
always  understood  to  be  in  the  positive  direction  round  this 
axis,  that  is,  according  to  the  convention,  counter-clockwise. 


320  Kinematics  of  a  Rigid  Body. 

When  rotations  are  compounded  by  means  of  their  axes,  like 
forces,  the  direction  of  the  axis  determines  in  this  way  the 
direction  of  the  rotation. 

For  example,  rotations  wi,  a;2,  ws  round  three  rectangular 
axes  produce  a  resultant  rotation  a>  which  is  always  positive  ; 

but  the  direction  of  its  axis  is  determined  by  — ,  — ,  — ,  the 

U)  ll)  iM) 

cosines  of  the  angles  made  with  the  coordinate  axes  ;  and 
these  again  depend  on  the  signs  of  wi,  W2,  and  wz,  as  well  as 
on  their  magnitudes. 

251.  Greometrieal  representation  of  the  motion  of 
a  Body  having  a  Fixed  Point. — When  a  body  has  a  fixed 
point,  its  motion  may  be  represented  in  a  manner  analogous 
to  that  mentioned  in  Article  225.  In  the  present  case  the 
curves  which  correspond  to  the  space  centrode  and  the  body 
centrode  are  spherical  curves  lying  on  the  surface  of  the  same 
sphere. 

The  motion  of  the  body  is  represented  by  the  rolling  of  a 
cone  fixed  in  the  body  on  a  cone  fixed  in  space  (see  Differen- 
tial Calculus^  Article  301). 

252.  motion  of  a  Body  which  is  entirely  Free. — 
A  rigid  body  can  he  moved  from  any  one  position  into  any  other 
hy  a  motion  of  translation,  combined  with  a  motion  of  rotation 
round  an  axis  through  any  arbitrary  point  A  of  the  body. 

Let  Ax,  A2  be  the  two  positions  in  space  occupied  by  A 
in  the  different  positions  of  the  body.  Give  to  every  point 
of  the  body  a  motion  equal  and  parallel  to  Ax  A2 :  this  brings 
A  into  the  required  position,  and  a  rotation  round  an  axis 
through  A  will  then  (Article  249)  complete  the  body's 
change  of  place. 

If  two  positions  of  a  body  in  motion  are  infinitely  near 
each  other,  any  infinitely  small  displacements,  by  which  it 
can  be  moved  from  the  first  of  these  positions  to  the  second, 
may  be  regarded  as  the  actual  motion  of  the  body. 

The  actual  motion  of  a  rigid  body  during  an  infinitely 
short  time  is,  therefore,  a  motion  of  translation  together  with 
a  motion  of  rotation  round  an  axis  through  any  arbitrary 
point  of  the  body. 

The  initial  and  final  positions  of  a  body  being  given,  the  mag- 
nitude  of  the  rotation,  which  is  required  to  make  it  pass  from  one  to 
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the  other,  and  the  direction  of  its  axis  are  determined;  hut  the 
motion  of  translation  varies  according  to  the  point  through 
which  the  axis  of  rotation  is  supposed  to  pass. 

First,  let  the  axis  of  rotation  be  supposed  to  pass  through 
a  point  A,  whose  initial  and  final  positions  are  Ai,  A-i.  The 
motion  of  translation  ^1^2  is  composed  of  two  parts — one^i^' 
in  the  direction  of  the  axis  of  rotation  through  A,  and  the 
other  A'Az  at  right  angles  to  it.  By  means  of  the  first  a  defi- 
nite plane  section  of  the  body,  passing  through  A  and  at  right 
angles  to  the  axis  of  rotation,  is  moved  into  the  plane  in  space 
in  which  it  lies  in  its  final  position,  and  the  subsequent  motion 
of  the  body  is  therefore  parallel  to  this  plane.  If,  now,  the 
axis  of  rotation  be  regarded  as  passing  through  another  point 
B  of  the  body,  whose  initial  and  final  positions  are  Bi,  B2,  we 
can  suppose  the  translation  BiB^  made  up  of  two  parts — one, 
BiB\  equal  and  parallel  to  AiA' ;  the  other,  B'Bz,  which 
depends  on  the  position  of  the  point.  BiB'  brings  the  body 
into  the  same  position  as  AxA\  Hence,  a  translation  B'Bz 
and  a  rotation  round  an  axis  through  B  are  equivalent  to 
an  equal  rotation  round  a  parallel  axis  through  A  and  a 
translation  A^A^  (Art.  219).  The  translation  B1B2  is  the 
resultant  of  BiB'  and  B'Bo ;  AiAo  is  the  resultant  of  AiA' 
and  A^Ao ;  BiB'  is  equal  and  parallel  to  AiA';  but  B'B^  is 
not  in  general  either  equal  or  parallel  to  A'Ao. 

253.  Analytical  Treatment  of  the  Motion  of  a 
Body  having  a  Fixed  Point. — Suppose  three  rectangu- 
lar axes  fixed  in  the  body  passing  through  a  point  0 ;  and 
three  others  fixed  in  space,  which  at  the  beginning  of  the 
motion  coincide  with  the  former.  Let  the  coordinates  of 
any  point  of  the  body  referred  to  the  former  be  5,  »?,  ^,  and 
referred  to  the  latter,  x,  y,  z.  Let  «i,  a-iy  a^;  6,,  62,  b^;  ci, 
€2y  Cz  be  the  cosines  of  the  angles  which  ^,  r\,  Z,  make  with 
X,  y,  z,  respectively ;  and  let  the  angles  themselves  be  ai,  a^j 
az ;  01,  02,  03 ;  71,  72,  73- 

If  the  point  0  be  fixed,  we  have  at  any  instant 

x=-ai^+biri  +  CiZ,  y  =  ai^+b2n+C2Zy  z  =  a^^  +  b^t}  +  c^Z- 

If  at  this  instant  any  other  point  of  the  body  besides  0 
occupy  the  same  position  in  space  as  at  the  beginning  of  the 

Y 
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0. 


motion,  for  this  point,  x  =  ^,  y  =  Vi  ^  =  Z,  and  therefore  we 
should  have 

-  1         ^1  c, 

ttz  hz  —  1  Cz 

But  it  is  easy  to  see  that  this  condition  is  fulfilled,  for 
putting 

ax     bi     Ci 
a-i     bz     C2 

«3        bs        Ci 


=  ^, 


and  denoting  the  former  determinant  by  A',  we  have,  by  the 
multiplication  of  the  determinants, 

A  A'  =  -  A',  and  therefore  A'  =  0. 

Hence  we  conclude  that  if  a  rigid  body  have  a  fixed  point, 
any  two  positions  have  a  line  in  common. 
Again, 

dx  =  ^dai  +  ridbi  +  Zdci,     dy  =  ^da^  +  rfdbz  +  Zdcz, 

dz  =  ^da^  +  r]dbz  +  Zdcz ; 

but  since,  at  the  beginning  of  the  motion,  ^,  r?,  Z  coincide 
with  X,  y,  s,  we  have  at  that  instant 

«!  =  cos  at ;  .*.  dai  =  -  sin  aidai  =  0,   since  ai  =  0. 
In  like  manner  dbz  =  0,     dc^  =  0  ; 

also  ttibi  +  ttibz  +  a^bs  =  0. 

Differentiating,  and  remembering  that  initially 

ai  =  1,     6?2  =  0,     as  =  0,     bi=  0,     b^  =  1,     63  =  0, 
we  have  dbi  +  da2  =  0. 

In  like  manner     dci  +  da 3  =  0,     db^  +  dc2=0. 
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Let  now  da-i  =  dip,     dhz  =  dO,     dci  =  dip  ; 

then  da!=--nd\p  +  !^d(j)  =  -i/d\p+  zd^  \ 

dy=^-Zde  +  KdxP  =  -zdO  +  xdip\.  (1) 

dz  ^-Zd<l)  +  rjd0  =  -xd(l>  +  yd9  / 
But  a  rotation  dO  round  x  would  give  (Art.  222) 

dy^-Zdd,     dz  =  tjd9; 
d<li  round  y  would  give 

dz=  -  ^d(p,     dx  =  Zd(l> ; 
and  d\p  round  2  would  give 

dx  =  -  rjdip,     dy  =  ^d\p. 

Hence  tlie  most  general  infinitely  small  displacement  the 
body  can  take,  0  remaining  fixed,  is  equivalent  to  rotations 
round  any  three  rectangular  axes  through  0. 

Moreover,  from  the  values  of  dx,  dy^  dz,  given  above,  it 
appears  that  for  a  point  whose  coordinates  fulfil  the  condi- 
tions ;^  =  T"  =  TT  ^^^  displacements  are  zero. 

Hence  the  three  rotations  dd,  d^,  d\p,  round  the  axis  x,  y,  s, 
are  equivalent  to  a  single  rotation  round  an  axis  whose  posi- 
tion is  defined  by  these  equations.     If  we  put 

dO  =  dx  cos  A,     d(p  =  dx  cos  ju,     dip  =  dx  cos  v, 

where  dx  =  V^dd^+  dff)^  +  dyfJ^, 

the  equations  of  the  fixed  axis  are 


cos  A     cos  fi     cos  V 
Also,  for  any  point  of  the  body, 

dx^  +  dy"^  +  dz^  =  [_[r]  cos  v  ~  ?  cos  fxf  +  (2  cos  A  -  ^  cos  v)' 

+  (^  cos  ;u  - 1?  cos  A)*]  fl?x*  ^p^  c?x% 

if  p  be  the  perpendicular  from  the  point  on  the  fixed  axis. 
Hence  dx  is  the  magnitude  of  the  resultant  rotation. 

Y2 
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Whence  infinitely  small  rotations,  and  therefore  velocities 
of  rotation,  are  compounded  like  forces  meeting  at  a  point. 

254.  Motion  of  a  Body  entirely  Free. — If  the  point 
of  intersection  of  the  axes  fixed  in  the  body  be  itself  in 
motion,  and  if  its  coordinates,  referred  to  axes  fixed  in  space, 
be  x\  y,  z' ;  then,  for  any  point  xyz  of  the  body, 

X  =  x'  -v  ttii  +  hix)  +  CiZ,     y  ^  y  ^  ci-iK  +  hri  +  CzZ, 

s  =  s'  +  «35+  hi  +  CzZ'i 
whence 

dx  =  dx  ■\- ^dax  +  Tidbi  +  Zdci,  dy^dy'  +  ^daz  +  ridbz  +  Zdc^, 

dz  =  dz  +  ^daz  +  r]dhz  +  Zdcz, 

If  we  suppose  the  axes  of  5,  »j,  Z  parallel  to  those  of  x,  y,  z 
at  the  beginning  of  the  motion,  we  get,  as  in  the  last  Article, 


dx  =  dx'  -  rjdxf/  +  Zd(l>  =  dx'-  {y  -  y')  dij/^  {z-  z') 

dy  =  dy''-t:d9  +  Zdil;  =  dy'-{z-z)de+{x'-x')di(;  \,  (2) 

dz  =  dz  -  ^d(ji  +  r)dd  =  dz'-{x- x)d(^  +  {y - y') dd 

and  we  see  that — 

The  most  general  infinitely  small  displacement  which  a  rigid 
body  can  receive  consists  of  a  movement  of  translation,  and  a 
movement  of  rotation  round  an  axis  through  any  arbitrary  point 
of  the  body. 

Again,  whatever  be  the  point  through  which  the  axis  of  rota- 
tion is  supposed  to  pass,  the  direction  and  magnitude  of  the  rota- 
tion remain  unaltered. 

Suppose  two  points  xyz\  x''y''z\  successively  regarded  as 
the  points  through  which  the  axis  of  rotation  passes  ;  then, 

dx  =  dx   -  (y  -  /')#"  +  (2  -  s")  ^"\ 
also  dx'  =  d^'  -  (/  -  y")  #"  +  (2'  -  2")  (/f '. 

Subtracting,  we  get 

dx  =  dx'  -  (v/  -  /)(/f '  \-{z-  z')d^"; 
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but  again, 

dx  =  dx  -  {y  -  y')dxl/  +  (2  -  z')#'- 

Comparing  these,  we  see  that 

#'  =  dxj/\     d(l>'  =  di^'\ 

In  like  manner  dQ'  =  dB''-,  hence  the  rotation  remains  un- 
altered in  magnitude  and  direction. 

255.  Velocity  of  any  Point  of  a  Body. — Infinitely 
small  displacements  divided  by  the  element  of  time  during 
which  they  are  effected  become  velocities.  If  the  axes  of 
X,  y,  z  be  three  rectangular  axes  fixed  in  space,  and  if  the 
velocities  of  rotation  round  parallel  axes  meeting  at  the  point 
xYz\  be  (jjxf  (Vy,  (Ua,  we  have,  from  equations  (2), 


dx     dx'      . 
di^dt'^^ 


dy_ 
dt 


dy_ 
dt 


y')(t>Z+    (S-    Z)(Oy 

(2  -  Z')  (jJx  +  [X  -  X')  (t)z 


dz        dz'        /  M  r  f\ 


(3) 


If  the  point  x'yz'  be  fixed  in  space,  and  be  taken  for 
the  origin,  we  have 


=  (i)*,Z 


dx 

di 

dp 


(s)zy 


WxZ 


>' 


dz 
dt 


Wxy  —  i»>yX 


(4) 


If  we  suppose  the  axes  fixed  in  space  to  coincide  at  the 
instant  under  consideration  with  axes  fixed  in  the  body,  and 
if  the  angular  velocities  round  the  latter  be  wi,  W2,  t«^)  we 
have  wx  =  wi,  wy  =  W2,  wa  =  wj.  Consequently,  if  ^,  r?,  2  be  the 
coordinates  of  any  point,  referred  to  axes  fixed  in  the  body, 
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and  if  «,  v,  w  be  the  components  of  its  velocity  parallel  to  these 
axes,  we  have 


U  =  0)2? 


W  =  (UiW 


Win 

W2S 


(5) 


Equations   (3),   (4),  and  (5)  hold  good  for  every  instant, 

whereas  the  equations  ^  =  ?,  &c.,  w«  =  a;i,  &c.,  ~  =  u,  &c., 

dz 
hold  good  only  for  one  particular  instant. 

If  A,  /z,  V  be  the  direction  cosines  of  a  definite  line  in  the 
body  referred  to  axes  parallel  to  fixed  directions  in  space,  we 
have,  as  an  immediate  consequence  of  (4), 

d\ 


—    =    (x)yV-    W,fJ. 


dix 


Wj;V 


dv  ^ 


(6) 


The  motion  of  a  body  relative  to  the  space  in  which  it  is 
moving  is  unaltered  if  we  attribute  to  the  latter  the  motion 
of  the  body  reversed,  and  suppose  the  body  itself  to  be  at  rest. 
Hence,  if  /,  m,  n  be  the  direction  cosines  of  a  line  fixed  in 
space  referred  to  body  axes,  we  may  regard  the  latter  as  fixed 
in  space,  and  the  line  Imn 
angular  velocities  -  wx,  -  wz, 
we  have 


as  moving  round  them  with 
■  W3.      Accordingly,  from  (6), 


dl  -\ 

f,  =-  uj^n    +  oj^im 
at 

dm  J  . 

at  I 


(7) 


dn 
di 


=  —  cjim  +  ijjj 
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256.  Acceleration  of  Rotation. — If  wi,  W2,  ws,  1^©  the 

angular  velocities  round  three  rectangular  axes,  OA,  OB, 
00  fixed  in  the  body,  and  w^,  Wy,  Wz  the  velocities  round  axes 
OX,  OY,  OZ fixed  in  space  ;  and  if  at  any  instant  we  suppose 
OX,  OY,  OZ  to  coincide  with  the  positions  occupied  at  the 
instant  by  OA,  OB,  00,  then  not  only  is  wi  equal  to  wx,  w> 
to  Wy,  and  (t)3  to  wz,  but  also 


d(jj\ 

diox 

dw2 

dWy 

duh      d(jDz 

dt 

~  dt' 

It    '' 

^    ~dt' 

dt  ~  dt' 

This  may  be  proved  as  follows  : — 

Let  (jj  be  the  velocity  of  rotation  round  a  line  fixed  in  the 
body,  which  passes  through  0,  and  makes  angles  with  the 
axes  OX,  OY,  OZ,  whose  direction  cosines  are  \,  jx,  v,  then 

(u  =  Wx\  +  Wyfj.  +  (i)zv  ; 

, ,       -  d(t)     d(t)x  ^      dw^,        dioz 

therefore  _  =  _A  +  — V+^v 

dX  dfx  dv 

dt         ^  dt  dt 

Hence,  by  (6),     -  =  A  _  +  ;,  -^  + v -.  (8) 

This  equation  shows  that  the  acceleration  of  rotation 
round  a  line  is  the  differential  coefificient,  with  respect  to  the 
time,  of  the  angular  velocity  round  the  same  line  even  though 
it  is  in  motion,  provided  it  be  fixed  in  the  body. 

Thus,  in  particular,  we  have  in  the  case  supposed  above, 

d(ai      d(i)x      du}2      dtuy      dto^      dojz  ,^. 

lt^~df'    dt^ "dt'    It^lti'  ^  ^ 

The  same  may  be  proved  geometrically  as  follows : — 

The  body  at  any  instant  is  rotating  round  a  certain  axis 
with  an  angular  velocity  w.  Draw  a  line  through  the  fixed 
origin  in  the  direction  of  the  instantaneous  axis,  and  measure 
off  on  it  a  portion  01,  proportional  to  oj ;  then  the  projec- 
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tions  of  this  line  on  the  axes  fixed  in  space  represent  Mx^  toy^  wz  ,* 
and  its  projections  on  the  axes  fixed  in  the  body  represent 
wi,  0)2,  W3.  At  the  next  instant  the  body  is  rotating  round 
another  line  with  a  velocity  o/,  represented  by  0I\  and  the 
projections  of  OT  represent  w/,  w/,  w/;  a>i',  0)2',  ^a-  But  the 
projection  of  01'  is  equal  to  the  sum  of  the  projections  of 
01  and  //'.     Hence 

d(Ox  =  w/  -  (i)x=  projection  of  //'  on  axis  of  x  fixed  in  space, 
d(oi  =  wi'  -  (1)1  =  projection  of  //'  on  axis  of  ?  fixed  in  the  body. 

At  the  first  instant  the  axes  of  x 
and  S  coincide ;  and  at  the  next  the 
two  projections  of  //'  differ  only  by  a 
quantity  infinitely  small  compared  with 
ir,  which  is  itself  infinitely  small  of 
the  first  order.  Hence  diox  and  dioi 
differ  by  an  infinitely  small  quantity 
of  the  second  order ; 

d(oi      dwx      du)2      d(jjy      dwz      dwz 
^^  W^  ~dt'     'dt   ^~di'     It  ^  It' 

A  line  passing  through  0  parallel  to  //'  is  called  the  axis 

SI 

of  angular  acceleration.     If  we  put  -^  =  <bx,  &c.,  the  magni- 

tude  of  the  resultant  angular  acceleration  is  ^{wx  +  &>/  +  «z')> 
as  it  is  the  resultant  of  the  three  accelerations  Wx^  Wy,  and  (oz. 


257.  Accelerations  of  a  Point,  parallel  to  three 
Axes  fixed  in  the  Body. — If  w,  «?,  w  be  the  velocities  of  a 
point  parallel  to  axes  fixed  in  the  body,  its  velocity-component 
F,  along  a  line  whose  direction  cosines  referred  to  these  axes 
are  /,  m^  n,  is  ul  +  vm  +  wn. 

If  we  suppose  this  latter  line  fixed  in  space,  the  accelera- 

dV 
tion  of  the  point  parallel  to  it  is  ---,  and  we  have 

ut 

dV      ^du        dv        dw        dl        dm        dn 
dt         dt         dt         dt         dt         dt         dt 
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Substituting  the  values  of  — ,   — -,  and  — ,  given  by  (7), 

we  obtain  — — 
dt 

fdu  \        (dv  \        fdw  \ 

=  l{—-vw3  +  ^'W2 )  +  ^\~j1  - ^<»^i  +  ^^3 )  +  'M  ;^  ~  ^^^  "^  ^'^^  )• 

Let  us  now  suppose  OX  to  be  the  fixed  line,  then 

/  =  1,     m  =  n  =  0,   and  therefore    -^—  =  —  -  vw-i  +  tvw^ ;  but 

at       at 

dV 

-z—  is  now  the  acceleration  of  the  point  parallel  to  one  of 

az 

the  axes  fixed  in  the  body ;  hence  we  have,  for  the  accele- 
rations of  a  point  parallel  to  three  rectangular  axes  fixed 
in  the  body,  the  expressions 

du  dv  dw 

at  at  at 

where  u,  v,  iv  are  the  velocities  of  the  point  parallel  to  the 
axes  fixed  in  the  body. 

258.  Complete  Determination  of  the  Motion  of  a 
Body. — Every  motion  which  a  rigid  body  can  take  is  re- 
ducible to  a  motion  of  translation  and  a  motion  of  rotation. 
In  order  then  to  determine  the  motion  of  the  body,  a  point 
in  it  is  selected  (usually  the  centre  of  inertia),  and  the  motion 
of  the  body  is  reduced  to  the  motion  of  this  point,  together 
with  the  rotatory  motion  of  the  body  round  it. 

Geometrically  the  motion  may  be  represented  by  the 
rolling  of  a  cone,  fixed  in  the  body,  on  a  cone  unattached 
to  the  body,  except  at  one  point  (the  common  vertex  of 
the  cones),  the  latter  cone  undergoing  a  motion  of  trans- 
lation. If  the  two  cones  and  the  rate  at  which  the  one 
rolls  on  the  other  are  known,  as  well  as  the  position  in  the 
body  of  their  common  vertex,  its  velocity  at  each  instant, 
and  the  path  which  it  describes,  then  the  motion  of  the  body 
is  completely  determined. 
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It  is  usually  most  convenient  to  consider  the  motion  of 
translation  and  the  motion  of  rotation  separately.  The  in- 
vestigation of  the  former  motion  is,  as  we  have  seen  (Art. 
205),  reducible  to  the  problem  of  the  motion  of  a  particle. 
The  latter  motion  is  completely  determined  if  we  can  assign 
at  each  instant  the  position  of  the  body  and  its  velocities  of 
rotation  in  reference  to  axes,  through  the  centre  of  inertia, 
whose  directions  are  fixed  in  space. 

The  equations  of  Kinetics  usually  give  the  velocities  of 
rotation  round  axes  fixed  in  the  hody ;  but  in  order  fuUy 
to  determine  the  motion,  it  is  necessary  to  ascertain  the 
effect  of  these  velocities  when  the  position  of  the  body  is 
referred  to  axes  whose  directions  are  fixed  in  space.  As  the 
points  of  intersection  of  these  two  sets  of  axes  coincide,  the 
velocities  of  rotation  have  no  effect  on  the  motion  of  this 
point  0 ;  and  therefore,  so  far  as  the  angular  velocities  are 
concerned,  we  may  regard  0  as  fixed,  not  only  in  the  body, 
but  also  in  space. 

Call  the  space-axes  OX,  OY,  OZ',  the  body-axes  OA, 
OB,  OC,  each  set  being  rectangular. 

Bound  the  point  0  as  centre  describe  a  sphere,  and  let 
the  axes  meet  it  at  the  points  X,  Y,  Z,  A,  B,  C. 

Three  independent  angles  are  required  to  determine  the 
position  of  the  body  in  space. 

Those  which  are  probably  the  best  adapted  for  the  solu- 
tion of  the  problem  are  the  angular  coordinates  of  the  point 
C,  or  of  the  line  OC,  and  the  angle  0,  which  the  plane  CO  A 
makes  with  the  plane  ZOC.  It  is  obvious  that  the  position 
of  OC  fixes  the  plane  AOB,  but  does  not  determine  the 
position  of  the  lines  OA  and  OB  in  this  plane.  Hence, 
when  C  is  fixed,  if  the  angle  0  which  the  plane  COA  makes 
with  the  plane  ZOC  be  given,  the  position  of  the  body  is 
completely  determined.  The  angular  coordinates  oi  OC  are 
6,  the  angle  which  it  makes  with  OZ,  and  \p,  the  angle 
which  the  plane  COZ  makes  with  the  plane  XOZ. 

Suppose  now  that  the  body  has  three  velocities  of  rota- 
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tion  :  wi,  round  OA  ;    w^  round  OB ;   and  o^^  round  00,  in 
the  direction  of  the   arrow   heads.      We   have  to   express 

— ,  ^,  and  ^  in  terms  of  these  velocities,  remembering  that 

dt    dt  dt 

the  changes  of  0,  0,  and  ^  are  caused  solely  by  wi,  wa,  wa- 


~^^^^ 

X    /r 
1      r 

\b     \ 

Y               / 

V  \  V-- 

^^5                             / 

\       \        ^ 

_y 

The  motion  of  the  point  O  on  the  sphere  is  unaffected  by  ws. 
If  the  radius  of  the  sphere  be  unity,  the  point  0  has  two 
velocities,  wi  and  wa,  along  the  tangents  to  the  great  circles 
BO  and  CA.  Eesolving  these  velocities  along  the  great 
circle  ZC,  and  at  right  angles  to  it,  we  have 


dt 

dij/ 


=  Oh  COS  0  +  wi  sm 


sin  6^  -^  =  Wo  sm  0  -  wi  cos  0. 

(to 


(10) 


(11) 


These  equations  are  obvious,  since  the  arc  of  a  small  circle, 
on  a  sphere  whose  radius  is  unity,  is  equal  to  the  angle  sub- 
tended at  its  pole,  multiplied  by  the  sine  of  the  spherical 
radius.  As  regards  the  algebraical  signs  it  is  well  to  ob- 
serve that  «A  is  counted  from  ZX  towards  ZY  ;  and  that  0  is 
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positive  and  acute,  when  E  lies  in  the  quadrant  AB. 

The  value  of  -^  is  easily  obtained  by   considering  the 
do 

motion  of  the  point  A  in  the  plane  AB.  The  angular 
velocity  of  A  in  the  plane  AB  is  ws,  but  it  is  also  the  com- 
ponent along  the  great  circle  AB  oi  the  velocity  of  S  together 
with  the  rate  of  increase  of  8A,  i.e.  of  «^  ;  and  since  SZ  and 
SA  are  at  right  angles,  and  8  lies  on  ZG  at  a  distance  90°  +  0 

from  Z,  the  velocity  of  S  along  AB  i^  cos  0-^,  therefore 

(It 

W3  =  cos  0  -37  +  -^,  whence  ^  =  wa  -  cos  d  -^.     (12) 
df      dt  dt  dt 

The  angles  made  use  of  by  Laplace  in  his  solution  of  the 
problem  of  Precession  and  Nutation  are  somewhat  different 
from  those  considered  above.  Laplace  supposes  that  a  point 
which  is  moving  from  X.iQ>  Y  approaches  nearer  to  O  after 
passing  E^  and  he  further  places  E  behind  A  and  X.  In 
this  way  the  various  lines  and  planes  assume  the  positions 
represented  in  the  accompanying  diagram. 


The  angles  employed  by  Laplace  are  ZOC^  which  we  may 
denote  by  0',  EOA^  or  0',  and  XOE,  or  ;//',  the  last  being 
positive  when  E  is  behind  X.  Taking  into  account  the  mode 
in  which  Laplace  supposes  the  axes  to  be  situated,  we  have, 
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then,  0'  =-  Oy  (p'  =  <p  -iir,  ij/'  =  iir  -  \J/y  and  equations  (10), 

(11),  and  (12)  become,  by  substitution, 

dO'  .      , 

-TT  -  W2  sm  ^  -  a>i  cos  0 

sin  ^  -^  =  wi  sin  0'  +  wj  cos  ^'    )►  •  (13) 

-^  =  W3  +  cos  0  -^ 

259.  Screws  and  Twists. — It  was  shown  in  Article 
252  that  a  body  can  be  moved  from  any  one  position  into 
any  other,  by  a  translation  combined  with  a  rotation,  round 
an  axis  through  any  arbitrary  point  of  the  body. 

The  translation  may  be  resolved  into  two — one  parallel 
to  the  axis  of  rotation,  and  the  other  at  right  angles  thereto. 
The  latter  translation,  along  with  the  rotation,  may  be  re- 
placed by  a  pure  rotation  round  a  parallel  axis,  and  so  the 
whole  motion  will  consist  of  a  translation  parallel  to  a  certain 
fixed  line  and  of  a  rotation  round  it.  Such  a  motion  is  simi- 
lar to  that  of  a  nut  on  a  screw,  and  is  called  a  Twist.  Hence 
a  body  can  be  moved  from  any  one  position  into  any  other  by 
means  of  a  twist. 

In  order  to  determine  a  screw  it  is  necessary  to  specify — 
(1)  the  position  and  direction  of  the  line  round  which  the 
rotation  is  effected,  or  the  axis  of  the  screw ;  and  (2)  the  ratio 
of  the  translation  to  the  rotation.  This  last  is  a  linear 
magnitude,  and  is  called  the  pitch  of  the  screw.  In  order  to 
determine  a  twist,  we  must,  in  addition  to  the  screw  round 
which  it  is  effected,  specify  its  amplitude,  i.  e.  the  magnitude 
of  the  rotation. 

The  twist  hy  which  a  body  can  he  moved  from  any  one  position 
into  any  other  is  in  general  unique. 

This  readily  appears  from  considering  that  if  two  posi- 
tions of  a  body  are  given,  the  magnitude  of  the  correspond- 
ing rotation  and  the  direction  of  its  axis  are  invariable ;  and 
that  if  two  positions  of  a  plane  figure  in  its  own  plane  are 
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given,  the  position  of  the  corresponding  centre  of  rotation  is 
thereby  determined. 

The  same  thing  is  proved  directly  by  Sir  Robert  Ball 
(to  whom  the  Theory  of  Scretvs  is  principally  due),  as  fol- 
lows : — 

Any  point  of  the  body,  which  lies  on  the  axis  of  the 
twist,  must  continue  thereon  after  the  motion.  If,  therefore, 
the  motion  could  be  effected  by  two  different  twists,  there 
would  be  two  different  lines  along  which  points  of  the  body 
would  continue  throughout  the  motion.  In  order  that  this 
should  be  possible,  the  lines  must  be  parallel,  and  the  motion 
one  of  pure  translation. 

If  two  successive  positions  of  a  body  in  motion  are  infi- 
nitely near  each  other,  the  twist  by  which  it  can  be  brought  from 
the  one  position  to  the  other  is  the  actual  motion  of  the  body. 
We  see  then  that  the  most  general  motion  of  a  rigid  body 
consists  of  a  succession  of  twists.  The  screw  round  which  it 
is  twisting  at  any  instant  is  called  the  instantaneous  screw.  As 
the  position  of  a  straight  line  in  space  is  determined  by  four 
independent  quantities,  five  magnitudes  must  be  assigned  to 
determine  a  screw.  In  order  to  determine  a  twist,  its  ampli- 
tude, and  the  pitch,  as  well  as  the  position  of  the  axis,  of  the 
corresponding  screw,  are  required.  Hence  the  motion  of  a 
rigid  body  in  general  depends  on  six  independent  variables, 
and  we  see,  as  in  Article  215,  that  a  rigid  body  entirely  un- 
restrained has  six  degrees  of  freedom. 

260.  Composition  of  Twists. — If  a  body  receive  in 
succession  two  twists  whose  amplitudes  are  infinitely  small, 
the  order  in  which  they  are  effected  is  indifferent,  and  the 
resulting  change  of  position  may  be  produced  by  a  single 
twist,  which  is  the  resultant  of  the  two  former. 

More  symmetrical  results  are  obtained,  if  instead  of  seek- 
ing for  the  twist  which  is  the  resultant  of  two  others,  we 
inquire  how  three  twists  having  infinitely  small  amplitudes 
must  be  related,  in  order  that  the  position  of  a  body,  after 
being  affected  by  them,  may  remain  unaltered. 

The  question  proposed  may  be  solved  directly,  but  the 
method  of  solution  devised  by  Sir  Robert  Ball  leads  to  results 
of  a  more  instructive  character.  This  mode  of  solution  will 
be  found  in  Example  14. 


Examples,  335 


Examples. 

1.  Determine  the  velocity  with  which  the  plane  of  the  horizon,  at  a  place 
whose  latitude  is  given,  turns  round  a  vertical  axis. 

Ans.  u  sin  \,  where  a>  is  the  earth's  angular  velocity,  and  A  the  latitude. 

2.  If  the  velocities  of  rotation  of  a  body  round  three  rectangular  axes  are 
given  in  terras  of  the  time,  show  how  to  determine — (1)  the  velocity  of  rotation 
round  the  instantaneous  axis  ;  (2)  the  position  of  the  instantaneous  axis  ;  (3)  the 
equation  of  the  cone  which  is  the  locus  of  the  instantaneous  axis. 

3.  If  the  velocities  of  rotation  round  three  rectangular  axes  are  proportional 
to  the  time  which  has  elapsed  from  a  given  epoch,  the  position  of  the  instantaneous 
axis  is  fixed. 

4.  If  the  accelerations  of  rotation  round  three  rectangular  axes  are  constant, 
the  instantaneous  axis  lies  in  a  fixed  plane. 

5.  If  0,  ^,  rp,  wi,  «2,  «3  have  the  same  significations  as  in  Art.  258,  show 
that 

de        .  dilf 

«i  =  sm  ^ sin  6  cos  <j>  — ^, 

at  at 

de       .        .       d\t/ 
«2  =  COS  ^  — •  +  sin  0  sin  d>  — ^, 
at  dt 

d(b  d\L 

6.  A  body  is  rotating  round  a  fixed  point  0.  If  OX,  OT,  OZhe  rectangular 
axes  fixed  in  space,  and  OA,  OB,  00  rectangular  axes  fixed  in  the  body ;  and 
if  the  direction  cosines  of  the  latter  referred  to  the  former  be,  respectively, 
«i,  «2,  «3 ;  h,  b-i,  h;  c\,  C2,  c^;  show  that 

dai  db\  dc\ 

at  at  at 

dai  dbz  dcz 

-77  =^2  (03— €2  0)2,        -7- =  <?2  «1  —  «2  «3,         -— =  «2«2  — 02»1, 

at  at  dt 


dt 


dbz  dcz 

=  t>3  «3  —  <?3  0;2,  —'=^C-S(a\—a%Oi%,        —  =  (f3  (i>2  —  Oz  (Di, 


where  wi,  wz,  a-i  are  the  angular  velocities  of  the  body  round  OA,  OB,  OC. 

7.  Deduce  equations  (10),  (11),  (12),  Art.  258,  from  equations  (7),  Art.  265. 

8.  A  body  receives  in  a  given  order  rotations  of  finite  magnitude  round 
two  axes  fixed  in  space,  or  in  the  body,  and  meeting  in  a  point.  Find  the  posi- 
tion of  the  axis,  a  single  rotation  round  which  would  bring  the  body  into  the 
same  position,  and  determine  the  magnitude  of  the  resultant  rotation. 
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This  question  is  solved  in  a  manner  similar  to  tliat  employed  in  Examples  3 
and  4,  Art.  226  ;  the  construction  in  the  present  case  being  on  the  surface  of  a 
sphere  instead  of  a  plane, 

"When  the  rotations  round  the  given  axes  are  in  the  same  direction,  the 
resultant  rotation  is  double  the  supplement  of  the  vertical  angle  of  a  spherical 
triangle,  whose  base  and  base  angles  are  the  angle  between  the  axes  and  the 
semi-amplitudes  of  the  rotations  round  them. 

9.  A  rigid  body  receives  a  motion  of  translation,  whose  components,  parallel 
to  the  axes,  are  a,  b,  c,  and  a  rotation  d  round  an  axis  fixed  in  the  body,  which, 
at  the  beginning  of  the  motion,  coincides  with  the  axis  of  z.  Determine  the 
position  and  pitch  of  the  screw,  a  twist  round  which  would  bring  the  body  into 
the  same  position  ;  and  find  the  amplitude  of  the  twist. 

The  screw  passes  through  a  point  whose  coordinates  are 


a  sin  ^d  —  b  cos  ^d 
2  sinA0  ' 


!/  = 


b  sin  ^d  +  a  cos  ^i 
2  sin^e 


Pitch  of  screw 


Amplitude  of  twist  =  d. 


10.  A  body  receives,  in  succession,  rotations  of  finite  magnitude  round  two 
non-intersecting  axes  a,  b,  either  fixed  in  space  or  fixed  in  the  body  :  if  dhe  the 
shortest  distance  between  the  lines  a  and  b ;  9  and  6'  the  amplitudes  of  the 
rotations  round  them  ;  e  the  angle  between  them  ;  <}>  the  amplitude  of  the  twist 
equivalent  to  the  motion ;  and  p  the  pitch  of  its  screw  ;  prove  that 

^p<l)  sin  ^<l>  =  d  sin  ^9  sin  ^9'  sin  e. 

(This  theorem  is  due  to  Rodrigues  :  Liouville,  T.  5,  p.  390.) 

Take  the  shortest  distance  between  a  and  b  for  axis  of  y  ;  the  point  of  inter- 
section of  this  line  with  b  for  origin  0  ;  and  a  parallel  to  a  for  axis  of  z. 


After  the  body  has  received  its  rotation  round  a,  suppose  it  receives  in  suc- 
cession two  equal  and  opposite  rotations  round  OZ,  the  first  of  these  being  equal 
and  opposite  to  that  round  a.  These  rotations,  being  equal  and  opposite,  do  not 
change  the  position  of  the  body. 
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First,  suppose  a  and  h  to  be  fixed  in  space,  tlien  so  also  is  OZ. 

The  rotation  round  a  and  the  equal  and  opposite  one  round  OZare  (Ex.  5, 
Art.  226)  equivalent  to  a  translation,  whose  magnitude  is  2d  sin  ^0,  and  whose 
direction  lies  in  the  plane  XOYy  and  is  at  right  angles  to  a  line  OP  which 
makes  with  OF  an  angle  —  |0. 

Describe  a  sphere  round  0  as  centre,  and  let  B  be  the  point  in  which,  it  is 
met  by  b,  then  ZB  =  e.  The  axis  of  the  rotation,  which,  is  equivalent  (Ex.  8) 
to  the  rotations  round  OZ  and  b,  meets  the  sphere  in  E,  and  the  direction  of 
translation  meets  it  in  T ;  where 

TX  =  |0,    EZX  =  ^d,    ZBR  =  ^e'. 
Then,  by  Ex.  8, 

TEB  =  l(l), 

and  we  have_^^  =  component  of  translation  parallel  to  axis  of  screw 

=  2dsm^e  cos  TE  =  2d  sin  |0  sin  ZE, 
•whence 

^p(()  sin  l<p  =  d  sin  ^6  sin  ZE  sin^(l>  =  d  sin  |0  sin  |0'  sin  e. 

Secondly,  if  a  and  b  be  fixed  in  the  body,  so,  likewise,  is  OZ.  In  this  case 
the  line  OF  becomes  OP",  which  makes  an  angle  ^d  with  OY,  and  the  points 
rand  E  become  T'  and  E',  where  XT'  =  |0,  E'BZ=  ^6'.  Then  (by  Ex.  8) 
BE'T'  =  ^(j),  and  the  result  is  obtained  in  the  same  manner  as  before. 

11.  A  body  receives  twists,  having  infinitely  small  amplitudes,  round  two 
screws  intersecting  at  right  angles.  Determine  the  amplitude  of  the  resultant 
twist,  and  the  position  and  pitch  of  its  screw. 

Take,  for  the  axes  of  x  and  t/,  the  axes  of  the  screws ;  let  their  pitches  be 
p  and  q,  and  the  amplitudes  of  the  twists  round  them  6  and  ^. 

The  rotations  6  and  (f)  are  equivalent  to  a  single  rotation  »//  round  an  axis 
lying  in  the  plane  xt/,  and  making  an  angle  A  with  the  axis  of  x,  where 

;//  cos  A.  =  0,     Tp  sin  \  =  ^. 

The  translations  pO  and  g^  are  equivalent  to  a  translation 

pd  cos  \  +  q<p  sin  \  =  {p  cos^  \  +  g  sin^  \)  t^ 

along  the  axis  of  the  resultant  rotation,  and  to  a  translation 

g^  cos  \-  pO  sin  \  =  {g  —p)  yp  sin  A  cos  \ 

at  right  angles  thereto.  The  latter  translation,  together  with  the  rotation  ip 
round  the  axis  through  the  origin,  is  equivalent  to  a  rotation  rp  round  a  parallel 
axis  passing  through  a  point  on  the  axis  of  z,  whose  distance  from  the  origin  is 

{q  —  p)  sin  \  cos  A. 

Hence  the  position  of  the  axis  of  the  sere  /  corresponding  to  the  resultant  twist 
is  given  by  the  equations 

i/  =  X  tan  A,     z=  {g  -  p)  8in\  cos  A, 
Z 
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where  '  tan  \ 


<t>. 


and  its  pitch  by  the  equation    r  =p  cos^  \  +  q  sin'  A. 

Also,  if  yp  be  the  amplitude  of  the  resultant  twist,  we  have 

,|/2  =  02  +  ^2. 

12.  Any  screw,  a  twist  round  which  is  the  resultant  of  twists  round  two 
given  screws  intersecting  at  right  angles,  lies  on  a  surface  determined  by  the 
given  screws ;  and  its  pitch  depends  on  the  angle  which  its  direction  makes 
with  one  of  these  screws.  The  amplitudes  of  the  twists  are  supposed  to  be 
infinitely  small. 

If  we  eliminate  \  from  the  equations  of  the  last  example,  which  define  the 
position  of  the  screw  belonging  to  the  resultant  twist,  we  obtain 

z  (a;2  4  y^)  -{q-p)xy  =  0, 

which  is  the  equation  of  the  surface. 

This  surface  is  called  the  cylindroid  by  Sir  Eobert  Ball. 

The  pitch  r  of  the  screw  is,  as  shown  in  the  last  example,  given  by  the 
equation 

r  =■  p  cos^  \^-  q  sin^  A. 

If  we  describe  in  the  plane  of  xy  the  conic  whose  equation  is 

px^  +  qy"^  =  €•', 

where  e  is  a  linear  constant,  the  square  of  the  reciprocal  of  any  diameter  of  this 
conic  is  proportional  to  the  pitch  of  the  parallel  screw  on  the  cylindroid.  When 
a  screw  is  spoken  of  as  belonging  to  the  cylindroid,  it  is  understood  that  not 
only  is  its  axis  one  of  the  generating  lines  of  the  surface,  but  also  that  its  pitch 
is  defined  in  the  manner  just  mentioned. 

13.  Prove  that  any  two  screws  belong  to  the  same  cylindroid.  Also  two 
screws  being  given,  determine  the  cylindroid  to  which  they  belong. 

Take  the  common  perpendicular  to  the  two  screws  as  axis  of  z  ;  we  have  then 
to  determine  the  position  of  the  origin  and  of  the  axis  of  ic,  and  the  magnitudes 
of  the  quantities  p  and  q,  so  as  to  satisfy  the  equations 

ri=p  cos'  \\-\-  q  sin'  Ai,        z\  =  {q  —  p)  sin  Ai  cos  Ai, 

r2  =  p  cos'  \2  +  q  sin'  A2,        Z2  =  {q—  p)  sin  A2  cos  A2, 

-4  =  Ai  —  A2,  h  =  zi  —  Z2, 

where  A  is  the  angle,  and  h  the  distance  between  the  given  screws.  As  the 
number  of  quantities  at  our  disposal  is  equal  to  the  number  of  equations  to  be 
satisfied,  it  is  always  possible  to  determine  a  cylindroid  containing  the  given 
screws.     The  equations  are  solved  as  follows  : — Subtracting, 

r\-r2  =  {q-  p)  (sin'  Ai  -  sin'  A2)  =  (<?  -  i?)  sin  (Ai  +  A2)  sin  (Ai  -  A2), 
h  =  {q-p)  cos  (Ai  +  A2)  sin  (Ai  -  A2). 
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Adding, 

ri  +  r2  =  2p-{p  —  q)  (sin*  Ai  +  sin*  \i) 

=  i>  +  S'  +  i(^-?)  (cos  2ai  +  cos  2A.2) 
=  p  +  q+  {p-  q)cos,  (Ai  +  A2)  cos  (Ai  -  Aa), 
«i  +  22  =  (^  -  p)  sin  (Ai  +  A2)  cos  (Ai  -  A2) ; 

Tl  —  Tz 

hence  {q  -  p)  sin  (Ai  +  A2)  =  ■—. — -7-,    zi  +  22  =  (n  -  r2)  cot  A, 


{q-p)coa{\i  +  M)=- — -,     zi-Z2  =  h, 
smA. 

p  +  q  =  ri  +  r2-\-  hcotA,    Ai  -  Az  =  ^, 

and  the  mode  of  completing  the  solution  is  obvious. 

14.  A  body  receives  three  twists  having  infinitely  small  amplitudes.  Deter- 
mine the  relations  between  the  twists,  in  order  that  the  position  of  the  body 
should  remain  ualtered. 

Sir  Eobert  Ball's  solution  is  as  follows  : — 

Determine  the  cylindroid  containing  two  of  the  screws.  Take  its  screws 
intersecting  at  right  angles  for  axes  of  x  and  y.  Let  rii,  ^2,  Hs  be  the  ampli- 
tudes of  the  three  twists,  and  Ai,  A2,  A3  the  angles  which  their  screws  make 
with  the  axis  of  x.  If  the  third  screw  belongs  to  the  cylindroid  containing  the 
other  two,  and  if  the  angle  it  makes  with  the  axis  of  x  and  the  amplitude  of 
the  corresponding  twist  satisfy  the  equations 

Hi  Slz  Ha 


sin  (A2  -  A3)      sin  (A3  -  Ai)      sin  (Ai  -  A2)* 

the  twists  compensate  each  other. 

In  fact  each  twist  can  be  resolved  into  two  round  the  screws  lying  along  the 
axes  of  X  and  1/.  The  whole  motion  is  thus  reduced  to  two  twists  round  these 
screws  ;  and  if  the  amplitudes  of  these  twists  are  zero,  the  body  remains  undis- 
turbed. But  the  equations  above  are  the  conditions  that  the  rotations  round  the 
axes  of  X  and  1/  should  be  zero,  and  these  rotations  are  the  amplitudes  of  the 
twists. 

As  the  twist  by  which  a  given  motion  can  be  effected  is  unique,  there  is  only 
one  twist  by  which  two  given  twists  can  be  compensated ;  and,  therefore,  if 
three  twists  compensate  each  other,  the  third  screw  must  belong  to  the  cylin- 
droid containing  the  other  two,  and  the  above  equations  must  hold  good. 

15.  A  body  is  moving  round  a  fixed  point.     Determine  the  accelerations  of 
any  point  parallel  and  at  right  angles  to  the  instantaneous  axis  of  rotation. 
Taking  three  lines  fixed  in  space  through  the  fixed  point  as  axes, 


dx  dy  dz 

z2 


—  =  <wy z  -  (Bs 2/,      —- <xizX  -  vxZi      ^  =  utxy  -  vvx; 
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differentiating,   and  substituting  for  — ,     — ,     — ,  from  these  equations,  we 

at      dt      at 

obtain, 


dots 


d^  y  d<i)%        dwx 

—  =  «j,(a,a;  +  (Cyy  +  a,z)  -  cD^y  +  x  —--z  — -, 


dt^ 
remembering  that 


d^z  ,  .        „  dojx         dwy 

■t:^  =  wx{oxX  +  uyy  -i-utz)^  a^z  +  y  -—-X 
'"'=  at 


dt* 


a»2  =  wx^  +  coy'i  4-  ««*. 


Let  us  now  suppose  the  axis  of  z  to  coincide  with  01,  the  instantaneous  axis, 
then  War  =  0,  (i}y  =  0,  a,  =  a.  Let  the  plane  of  xz 
pass  through  01%  the  consecutive  position  of  the 
instantaneous  axis.  Measure  off  0/ proportional 
to  (o  on  OZ,  and  take  01'  proportional  to  the  cor- 
responding angular  velocity  co  +  dw  ;  draw  /'  F 
perpendicular  to  01 ;  then  cj  +  da  round  OT  is 
resolvable  into  OF  round  OZ,  and  I'F  round  OX. 

Let  I' OF  =  dyfj ;  then  I'F  =  01'  d\p ;  therefore 


dcox 
'dt' 


dxp 
dt 


a>^, 


if  the  angular  velocity  of  the  instantaneous  axis  be  denoted  by  \j/.    Also 
dios      d(o 


".r:^  =  0, , 

dt         '       dt       dt 
Introducing  these,  we  obtain 


since    duz  oo  IF  =  OF  -  01. 


d?-x  „  da  d^y      da 

df^  dt  ^*     df'       dt 


aP-y  -  a^z,     —  =  a^y. 


16.  Find  the  position  of  the  acceleration-centre  in  a  body  rotating  round  a 
fixed  point. 

The  only  acceleration-centre  which  in  general  exists  is  the  fixed  point 
itself. 

17.  A  body  is  moving  round  a  fixed  point  0.  If  perpendiculars,  whose  lengths 
are  p  and  q,  be  let  fall  from  any  point  A  of  the  body  on  01,  the  instantaneous 
axis  of  rotation,  and  on  OJ,  that  of  angular  acceleration  ;  prove  that  the  total 
acceleration  of  A  is  the  resultant  of  two  components,  oP- p  along  j?  and  tq  per- 
pendicular to  the  plane  AOJ,  where  w  and  <r  are  the  resultant  angular  velocity 
and  angular  acceleration  of  the  body. 
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If  X,  y,  z  be  the  coordinates  of  A  referred  to  space  axes  through  0,  and  r 
"be  the  distance  OA^  the  equation  for  the  acceleration  x  may  be  written  (Ex.  16), 

x  =  w^    —  hr  — +y  -+z--a;.+  (rr(-i: ), 

(co\«w  «/        )•         \<rr       o-r/ 

where 

If  P  be  the  point  in  which  the  perpendicular  from  A  meets  01,  and  if 
we  consider  the  projection  of  the  triangle  OPA  on  the  axis  of  x,  we  have 
projection  of  AP  =  projection  of  OP  -  projection  of  OA.  From  this  it  is  plain 
that  the  term  by  which  to-  is  multiplied  in  x  is  the  projection  of  p  on  the  axis 
of  X.  Again,  if  A,  fi,  v  be  the  direction  cosines  of  the  normal  to  the  plane  AOJy 
and  B  the  angle  between  OJ  and  OA,  we  have 

d}y  z      w«  y  , 

Asm0=— ^ ,    and    r  sm  0  =  ^  ; 

ff  r       (T  r 

whence  it  appears  that  the  term  by  which  c  is  multiplied  in  x  is  qx,  or  the  pro- 
jection of  q  on  the  axis  of  x.  The  truth  of  the  theorem  above  is  now  obvious. 
This  theorem  is  due  to  Professor  Minchin. 

18.  A  body  is  rotating  round  a  fixed  point :  find  the  locus  of  a  point  whose 
acceleration  along  its  path  at  any  given  instant  is  zero. 

As  the  path  at  the  instant  touches  a  circle,  having  its  centre  on  the  instan- 
taneous axis  and  its  plane  at  right  angles  thereto,  if  i?  be  the  distance  of  any 
point  from  the  axis, 

y  d^x      X  d^y      x^  ■\- y"^  day        .  xz 

the  tangential  acceleration  = ^r  H rir  = tt  —  «'!'  — • 

°  p  dt^      p  dt^  p      dt  p 

The  required  locus  is  therefore  the  cone 

d(o 

— -  {x"^  +  y"^)  —  coipxz  =  0. 
dt 

19.  Show  that  a  point  whose  normal  acceleration  at  right  angles  to  the 
instantaneous  axis  vanishes  lies  on  the  cone 

« {x^  +  y^)  +  hz  =  0. 

20.  A  body  is  rotating  round  a  fixed  point :  determine  at  any  instant  the 
positions  of  the  osculating  plane,  and  of  the  principal  normal,  to  the  path 
described  by  one  of  its  points. 

The  normal  plane  to  the  path  is  the  plane  passing  through  the  point  and  the 
instantaneous  axis.  Hence  the  perpendicular  to  the  osculating  plane  is  the 
intersection  of  this  plane  with  its  consecutive  position.  Again,  the  direction  of 
the  principal  normal  coincides  with  that  of  the  resultant  normal  acceleration  ; 
hence,  if  y  be  the  angle  the  principal  normal  makes  with  the  instantaneous  axi«, 

Wjt?2+  ^yz 

tan  v  = : . 
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21.  Find  the  radius  of  curvature  of  the  path  of  any  point  of  the  body. 
If  iVbe  whole  normal  acceleration, 


(a'p* 


up* 


22.  A  body  is  moving  in  any  manner.  Determine  the  accelerations  of  a 
point  paraDel  and  at  right  angles  to  the  axis  of  the  instantaneous  screw. 

Let  xo,  ^0,  zo  be  the  coordinates  of  a  point  fixed  in  the  body,  {,  77,  f  the  co- 
ordinates of  any  point  referred  to  xq,  1/0,  zq  as  origin  ;  then 


d^x  _d^Xo 


.  dUy  d(t)i 


^^2   +a>:,{a>^^  +  (Oy7]  +  (OzQ-w'^^+C-^  -V-^, 


,da)x 


dH      d^ZQ         ,     ^  *v       o  *       <^c»x      ^dojy 


Take  as  xo,  yo,  zq  that  point  of  the  body  which  at  the  instant  coincides  with 
the  point  0  on  the  instantaneous  screw  in  space  which  is  nearest  the  consecu- 
tive position  of  the  instantaneous  screw.  If  C  be  the  ruled  surface  in  space 
generated  by  the  positions  of  the  instantaneous  screw-axis,  0  will  be  the  point 
of  intersection  of  the  instantaneous  screw- axis  with  the  line  of  striction  on  C. 
Let  00'  be  an  element  of  this  line  of  striction. 
At  the  time  t  -\-  dt  the  body  is  twisting  round  a 
screw  through  0'.  Let  The  the  velocity  of  trans- 
lation at  the  time  t,  and  T'  and  w'  the  velocities 
of  translation  and  rotation  at  the  time  t  +  dt. 

JN'ow,  the  velocity  of  rotation  «'  round  O'S 
(screw-axis  through  0')  is  equivalent  to  w'  round 
or  (parallel  to  0'S)y  and  a  velocity  of  trans- 
lation u}' .00'  at  right  angles  to  00'  and  01' . 

The  velocity  of  rotation  w'  round  01'  is 
equivalent  to  co'  round  OZ,  and  o}'d\\i  round  OX. 
Hence,  at  the  time  t  +  dt,  the  point  Xcy^ZQ 
has  two  velocities  of  translation :  T'  along  OZ, 
and  {u)'.00'+  T'dy^)  along  OX.  Again,  as  00'  ^ 
is  infinitely  small  of  the  first  order,  the  velocity 
of  translation  along  OZ  resulting  from  00'.  w 
is  infinitely  small  of  the  second  order.  At  the  time  t  the  point  Xqi/oZq  had  the 
velocity  T  along  OZ.  Hence,  if  U  be  the  velocity  of  translation,  and  ip  the 
angular  velocity  of  the  axis  of  the  instantaneous  screw,  at  the  instant,  we  have 


=  '/', 


d^Xo 
dt2 


=  coU+  Trj/, 


d^i/o 
dt^ 


=  0, 


dt' 


dT 
dt' 


Also  CD«  —  ^)      f>y 

-whence 
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dwz      da 


=  0, 

Wa=W, 

dasx 
'dt 

=  «i^, 

d'^x 
dfi  ' 

=  wi7  + 

Ti>- 

a,n- 

d'^y 
d^ 

■«2^- 

-^'^C, 

df^  ' 

dT 

w^n. 

dWx              ; 

d(i)y           ^ 

dwz      dm 

dt  =""^' 

— -  =  0, 

— 

dt 

dt       dt' 

23.  A  body  is  moving  in  any  way  :  determine  the  position  of  the  accelera- 
tion-centre at  any  instant. 

Its  coordinates  are  formed  from  the  equations  of  the  last  example,  by  making 

d^-x     ^        d'^y      ^        dH     ^ 

dF^"'     d?-"'     *?="• 

24.  A  body  is  moving  in  any  way  ;  the  acceleration  at  any  instant  of  any 
point  is  the  same  as  if  the  body  were  rotating  round  the  acceleration-centre  as 
an  absolutely  fixed  point. 

Express  the  accelerations,  by  the  last  example,  in  terms  of  the  coordinates 
relative  to  the  acceleration-centre  as  origin,  and  the  results  are  the  same  as  the 
expressions  of  Ex.  15  would  become,  if  we  made 

Wa,=  0,        Q)y=0,       0)z=a)j 

The  theorem  is  likewise  obvious,  d  prori. 

The  theorems  contained  in  the  Examples  given  above  are  taken  from  Schell's 
Theorie  der  Bewegung  und  der  Krdfte^  to  which  the  student  is  referred  for  more 
extended  investigations  on  the  subject. 

25.  Show  that  the  theorem  of  Ex.  17  holds  good  for  a  body  moving  freely 
provided  the  acceleration-centre  be  substituted  for  the  fixed  point  0. 

This  extension  of  Ex.  17  is  due  to  Professor  Minchin. 

26.  A  right  circular  cone  is  rolling  on  another  fixed  in  space,  the  two  cones 
having  a  common  vertex.  Given  the  velocity  of  rotation  of  the  rolling  cone, 
determine  the  velocity  with  which  the  plane  passing  through  the  instantaneous 
axis  turns  round  the  axis  of  the  fixed  cone. 

The  normal  plane  through  the  instantaneous  axis  contains  the  axes  of  both 
cones.  Hence  the  angle  between  the  two  axes  remains  invariable  ;  and  a  point 
on  the  axis  of  the  rolling  cone  describes  a  circle  having  its  centre  on  the  axis  of 
the  fixed  cone,  and  its  plane  perpendicular  thereto.  It  is  also  at  any  instant 
rotating  round  the  instantaneous  axis.  If  we  equate  the  two  expressions  for  the 
velocity  of  this  point,  we  get 

cj  sinr  =  n  sin(C+ r),  (1) 

or  -  w  sin  r  =  n  sin  (C  -  r),  (2) 

or  sin  r  =  n  sin  (r  -  C),  (3) 
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where  w  is  the  angular  velocity  of  the  rolling  cone  round  the  instantaneous  axis ; 
n  the  angular  velocity  of  the  plane  containing  the  instantaneous  axis  round  the 
axis  of  the  fixed  cone  ;  G  and  r  the  semi-angles  of  the  fixed  and  moving  cones. 


The  first,  second,  or  third  formula  is  to  be  used,  according  as — (1)  the  cones  are 
outside  one  another,  having  convex  surfaces  in  contact ;  (2)  the  rolling  cone  is  a 
small  cone  rolling  inside  a  larger  one  ;  (3)  the  rolling  cone  is  the  larger  cone, 
and  rolls  outside  a  smaller  fixed  cone,  which  it  contains  within  it. 

In  each  of  these  figures  OC  is  the  axis  of  the  fixed  cone ;  OT  of  the  rolling 
cone  ;  and  01  the  instantaneous  axis.  If  the  angles  are  supposed  to  contain 
their  signs  implicitly,  each  being  measured  from  07,  the  last  formula  contains 
the  other  two. 

27.  A  body  is  moving  round  a  fixed  point.  The  motion  of  the  instantaneous 
axis  in  the  body  being  completely  given,  determine  its  motion  in  space. 

Describe  a  sphere  of  radius  a  round  the  fixed  point :  the  cone  C  fixed  in  space 
and  the  cone  r  fixed  in  the  body  trace  out  curves  on  this  sphere,  and  the  motion 
is  accomplished  by  the  one  curve  rolling  on  the  other.  The  osculating  circle  of 
each  of  these  curves,  as  it  passes  through  three  points  on  the  surface  of  the  sphere, 
will  be  a  circle  of  the  sphere ;  and  the  rolling  at  any  instant  will  be  the  same  as 
if  one  of  these  circles  rolled  on  the  other,  or  as  if  the  right  cone  on  the  osculating 
circle  of  r  as  base  rolled  on  the  right  cone,  having  the  osculating  circle  of  C  as 
base.     Let  r  be  the  radius  of  curvature  of  the  curve  G;  p  oi  the  curve  r ;  then 

T  p 

sin  C  =  -,        sin  r  =  -,     and  therefore  (Ex.  26), 
a  a 


-  =  n  sin  I  sin"i  -  —  sin-^  - 1 . 
a  {  a  a) 


ds 
Now,  if  5  be  the  arc  of  the  curve  C,  and  —  the  velocity  of  the  point  of  contact 

dt 

of  r  along  it, 


n  = 

where  o"  is  the  arc  of  r  ;  whence 
p      1  dff 


I  ds      1  dff 
r  di~  r  dt' 


,    sin  I  sin"^  -  —  sin-^ 
a      r  dt  {         a 

From  this  equation  r  can  be  determined  in  terms  of  i  (in  terms  of  which  p,  «, 

and  —  are  supposed  to  be  expressed) ;  and,  as  -—  =  — ,  by  eliminating  t  an 
dt  dt      dt 

equation  is  obtained  between  r  and  s,  which  is  the  equation  of  the  curve  G; 
therefore,  &c. 
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Section  II. — Kinetics, 

261.  inoments  of  IVfomentum  of  a  Body  baving  a 
Fixed  Point. — If  x,  y,  z  be  the  coordinates  of  any  point  of 
the  body,  referred  to  space  axes  intersecting  at  the  fixed 
point  0  ;  and  Hx^  Sy,  -ffz,  the  moments  of  momentum  round 
these  axes,  we  have  Hx  =  2m  {yz  -  zy) .  Substituting  for 
y  and  z  their  values  given  by  (4),  Art.  255,  we  obtain 

Sx  =  Wa;J(^^  +  z^)  dm  -  it)y\xydm  -  Wz\xzdm, 

Hence,  if  a,  h,  c,  i,  j,  k  be  the  moments  and  products  of 
inertia  of  the  body  at  any  instant,  round  the  space  axes, 
we  have 

Sx  =       ClMx  ~  kwy  —  J(Vz        \ 

Sy  =  —  kiOx  +   b(i)y  —  ilOz  \     •  (1) 

-2a  =  —J(i)x  —  il*)y    +  CWz      J 

If  the  space  axes  coincide  with  the  instantaneous  posi- 
tion of  the  principal  axes  of  the  body  at  0,  equations  (1) 
become 

H,  =  ^(Ui,    S^  =  J5W2,    m  =   CtU3,  (2) 

where  Si,  H^,  S3,  oh,  w2,  ^3  are  the  moments  of  momentum 
and  the  angular  velocities  round  the  principal  axes  at  the 
instant ;  and  A,  B,  C  are  the  principal  moments  of  inertia 
of  the  body  for  the  point  0. 

The  resultant  moment  of  momentum  H  is  given  by  the 
equation 

E'  =  A'is>,^  +  B'  w,'  +  C  w,\  (3) 

The  direction  cosines  of  the  momentum  axis  relative  to 
the  principal   axes   through    0    are   proportional  to  -4a)i, 

B(i)2f  Cwz. 
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If  «i,  a^,  ttz,  hif  ^2,  h,  Ci,  C2,  Ci  be  the  direction  cosines  of 
the  principal  axes  at  0  referred  to  the  space  axes,  we  have 

Hx  =  Aijjiai  +  Btjjzhi  +  CwzCx    \ 

JSy  =  Aii)ia2+JBw2b2  +  C(jj3C2    [•  (4) 

If  0  be  a  definite  point  of  the  body  not  fixed  in  space, 
equations  (1),  (2),  (3),  (4)  still  hold  good  for  the  motion 
relative  to  0 ;  the  axes  x,  y,  and  z  being  parallel  to  fixed 
directions  in  space. 

262.  motion  of  a  Body  having  a  Fix.ed  Point 
under  tlie  Action  of  Impulses. — If  a  body  having  a 
fixed  point  0  be  acted  on  by  any  set  of  impulses,  whose 
moments  round  the  principal  axes  through  0  are  Ly  M,  N ; 
these  moments  are  equal  respectively  to  the  changes  in  the 
moments  of  momentum  of  the  body.     Hence  ( (2),  Art.  262), 

A  {w,  ~  a>/)  =L,  B  {w2 -  a>0  =M,   C {wz -  u>z)  =  JST,     (5) 

where  w/,  wa',  (Oz,  and  wi,  wj,  wz  are  the'  angular  velocities 
round  the  principal  axes  immediately  before  and  imme- 
diately after  the  action  of  the  impulses. 

In  some  cases  it  may  be  convenient  to  use  the  expres- 
sions for  Sx,  Syy  Sz  given  in  (1),  Art.  261,  and  the  moments 
Ox,  Gy,  Gz  of  the  impulses  round  the  space  axes.  We  have, 
then, 

a  [b}x  -  ii)x)  -  k  {(jjy  -  loy)  -  J  {(Oz  -  w/)  =  Gx  \ 

-  k  {(jJx  -  (Ox)    +    b{(Oy-    (Vy)    -   i  {(jJz  -   (i)z)    =     Gy       \,  (6) 

~j  (Wa;  -  w/)  -  i  {li)y  —  U)y)  +  C  {(jJz  -  lOz)   =    Gg     / 

263.  Vis  Viva  of  a  Body  having  a  Fixed  Point. — 

As  the  body  has  a  fixed  point,  it  is  at  any  instant  rotat- 
ing round  some  axis  through  it ;  whence  the  vis  viva  is 
Ja>^  I  being  the  moment  of  inertia  round  the  instanta- 
neous axis. 
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Again,  since  — ,  — ,  —  are  the  direction  cosines  of  the  axis 
(o     a>     CO 

of  rotation  referred  to  the  principal  axes  through  the  fixed 

point, 

I  =  a{^-^B h\  +  C (^^ V;    {Int,  Calc,  Art.  215) ; 

whence,  if  2T  or  ^  be  the  vis  viva  of  the  body,  we  have 

2T=8  =  Atj,'  +  Bwz'  +  Cw,\  (7) 

If  wx,  toy,  (Dz  be  the  velocities  of  rotation,  and  a,  b,  c,  ^,  &c., 
the  moments  and  products  of  inertia  of  the  body  at  any 
instant  round  space  axes  through  0,  the  general  equation  of 
the  momental  ellipsoid  referred  to  these  axes  leads  to  the 
following  expression — 

2T=  lu)^  =  aui)x  +  hii)y  +  ctjjz  -  2i(t)yU}z  -  2jioz(i)x  -  2kci}x(i)y'     (8) 

264.  Couple  of  Principal  moments. — If  a  body  be 
moving  round  a  fixed  point,  we  may  imagine  its  actual  velo- 
city at  any  instant  to  be  produced  by  an  impulsive  couple 
acting  on  it  at  the  instant.  By  the  last  Article  the  compo- 
nents of  this  couple  round  the  principal  axes  of  the  body  are 
A(jji,  £it)2,  C(i)3,  and  the  axis  of  the  couple  is  called  the  Axis 
of  Principal  Moments,  This  axis  coincides  at  each  instant 
with  the  momentum  axis  of  the  body  (Arts.  210,  261). 

If  a  tangent  plane  be  drawn  at  the  point  of  intersection 
of  the  instantaneous  axis  of  rotation  with  the  momental  ellip- 
soid corresponding  to  the  fixed  point  round  which  the  body 
is  rotating,  the  perpendicular  from  the  centre  on  this  tangent 
plane  is  the  Axis  of  Principal  Moments.  This  is  obvious, 
when  we  remember  that  the  direction  cosines  of  this  axis  are 
proportional  to  ^wi,  i?w2,  (7o>3 ;  and  those  of  the  instantaneous 
axis  of  rotation  to  wi,  W2,  W3 ;  and  that  the  equation  of  the 
momental  ellipsoid  is 

Ax-"  +  Bif  +  (7s^  =  K, 

If  ^  be  the  angle  between  the  momentum  axis  and  the^ 
instantaneous  axis  of  rotation,  H  the  moment  of  momentum,. 
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and  8  the  us  viva  of  the  body,  we  have,  by  the  formula  for 
the  cosine  of  the  angle  between  two  lines  in  terms  of  their 
direction  cosines, 

Ho)  cos  0  =  Aioi  +  Bijj'^  +  C(Di  =  8 ; 

whence  w  cos  0  =  -==.  (9) 

^  Again,  if  r  be  the  intercept  made  by  the  momental  ellip- 
Boid  on  the  instantaneous  axis  of  rotation,  we  have 

r*  to  w  It)       It) 

whence  ^'  =  -o  <»>'•  (10) 

Again,  if  we  draw  a  tangent  plane  to  the  momental  ellip- 
soid at  the  point  where  it  meets  the  instantaneous  axis  of 
rotation,  the  intercept  p  made  by  this  plane  on  the  momen- 
tum axis  is  given  by  the  equation  ^  =  r  cos  0,  since  the 
momentum  axis  is  perpendicular  to  the  tangent  plane. 
Hence,  if  we  substitute  for  r  and  u>  cos  0  their  values  given 
by  (10)  and  (9),  we  obtain 

P  =  —^^'  (11) 


1.  A  body  is  set  in  motion  by  an  impulsive  couple  whose  magnitude  is 
given  ;  find  the  direction  of  its  axis  so  that  the  initial  vis  viva  of  the  body  may 
be  a  maximum. 

The  axis  of  the  couple  must  be  the  axis  of  least  inertia  of  the  body. 

2.  A  body  having  a  fixed  point  0  is  set  in  motion  by  an  impulse,  passing 
through  a  point  P,  which  causes  P  to  move  with  a  velocity  having  a  given  mag- 
nitude and  direction ;  determine  the  axis  of  instantaneous  rotation. 

Let  the  axis  of  a;  be  a  line  through  0  in  the  direction  of  the  velocity  of  P, 
and  the  axis  of  z  the  line  OF ;  then,  if  V  be  the  given  velocity  of  P,  h  the 
distance  OP,  and  w»,  uy,  oot  the  angular  velocities  of  the  body  round  the  axes, 
we  have    to,  =  0,     h  wy  =  V. 
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Now,  by  Thomson's  Theorem,  Art.  199,  the  value  of  oiz  must  be  such  as  to 
make  T  a  minimum.     But,  Art.  263,  (8), 

dT  .  „ 

— —  =  —  %o}y  +  cwz.      ilence     cwz  =  ia>y, 
dcos 

which  determines  wa,  and  consequently  the  axis  of  rotation. 

3.  In  Ex.  2,  when  is  the  velocity  of  rotation  around  OP  zero  ? 

Ans.  When  OF  is  an  axis  of  the  section  of  the  momental  ellipsoid  which 
is  perpendicular  to  the  initial  motion  of  F. 

4.  In  Ex.  2,  if  the  magnitude  of  V  be  given  as  before,  find  its  direction  sa 
that  the  initial  vis  viva  of  the  body  may  be  a  maximum  or  a  minimum. 

■r.      .  o  «^  ^^  ^^  ^^ 

By  Art.  263,  2r=  ««  — -  +  Wy  -— -  +  «a  -—  ; 

aux  ctuy  awz 


but 
Hence 


dT 

ux  =  0,    and  -—  =  0  (Ex.  2). 

dwz 

2 i  =  bUy^  —  tWy(i}z=   ft>y    = -rr-; 


where  JB'and  C  are  the  moments  of  inertia  of  the  body  round  the  axes  of  the  section 
of  the  ellipsoid  of  inertia  made  by  the  plane  i/z.  The  maximum  or  minimum 
value  of  Tis  obtained,  then,  by  making  c  equal  to  C  or  to  B' ;  i.  e.  the  direction 
of  V  must  be  perpendicular  to  the  central  section  of  the  ellipsoid  having  OF  as 
an  axis. 

5.  If  a  body  be  moving  in  any  manner,  the  momentum  axis,  and  the  in- 
stantaneous axis  of  rotation  through  a  given  point  0  of  the  body,  are  the  radius 
vector  and  the  perpendicular  on  the  corresponding  tangent  plane  of  the  ellipsoid 
of  gyration  (see  Integral  Calculus,  Art.  216)  relative  to  0. 

This  is  the  reciprocal  of  the  theorem  given  in  Art.  264.  It  can  be  easily 
proved  directly  :  <ri,  ffz,  0-3,  and  a,  )8,  7,  being  the  angles  made  by  the  momentum 
axis  and  the  instantaneous  axis  of  rotation  with  the  principal  axes,  and  «,  b,  c 
the  principal  radii  of  gyration, 

E  cos  (T\  =  A(t)i  =  ma'^o)  cos  o,  &c. ; 

but  if  x'y'z  be  a  point  on  the  ellipsoid  of  gyration,  a',  i8',  7'  the  angles  made 
with  the  axes  by  the  perpendicular  on  the  corresponding  tangent  plane,  and  p 
the  length  of  the  perpendicular,  x'p  =  a^  cos  a',  &c. ;  therefore  if  x' ^  &c.  be  propor- 
tional to  cos  (Ti,  &c.,  a'  =  a,  &c. 

The  student  will  observe  that  I£  here  denotes  the  moment  of  the  momentum 
of  the  motion  relative  to  0,  but  not  of  the  absolute  motion,  except  0  be  a  point 
fixed  in  space. 

6.  If  a  tangent  plane  to  the  ellipsoid  of  gyration  relative  to  any  point  of  a 

body  be  drawn  at  right  angles  to  the  instantaneous  axis  of  rotation  passing 

throught  the  point,  and  ^  be  the  angle  between  the  instantaneous  axis  and  the 

,         .                               Scosd> 
radms  vector  to  the  point  of  contact,  w  = — ^. 

This  is  immediately  deducible  from  the  consideration  that  mp^u)  =  Im  =  mo- 
ment of  momentum  round  instantaneous  axis  of  rotation  =  if  cos  (j). 
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7.  Express  the  perpendicular  on  the  tangent  plane  to  the  ellipsoid  of  gyration 
in  terms  of  the  angular  velocity  and  relative  vis  viva. 

Ans.    p^  =  — -. 

8.  Express  the  intercept  cut  off  by  the  ellipsoid  of  gyration  on  the  momentum 
^xis  in  terms  of  the  relative  vis  viva  and  moment  of  momentum. 

Ans.    i22  =  — „. 
m8 

9.  A  body,  having  a  fixed  point  0,  is  set  in  motion  by  an  impulse  of  given 
magnitude  and  passing  through  a  given  point  Pof  the  body;  find  the  direction 
of  the  impulse  so  that  the  initial  vis  viva  of  the  body  may  be  a  maximum. 

Since  the  impulse  has  no  moment  round  the  line  OP,  the  momentum  axis 
lies  in  the  plane  perpendicular  to  OP :  also  by  Ex.  8,  the  vis  viva  is  a  maximum 
•when  ^  is  a  maximum  and  R  a  minimum.  Hence  R  must  be  the  shortest  axis 
of  the  section  of  the  ellipsoid  of  gyration  made  by  the  plane  perpendicular  to 
OP,  and  the  direction  of  the  impulse  must  be  parallel  to  the  longest  axis  of  this 
section. 

10.  In  Ex.  9,  show  that  the  initial  velocity  of  P  in  the  direction  of  the  im- 
pulse is  a  maximum,  and  that  the  instantaneous  axis  of  rotation  lies  in  the  plane 
of  R  and  OP. 

Since  the  vis  viva  is  a  maximum,  so  is  the  initial  velocity  of  P  in  the  direc- 
tion of  the  impulse,  Art.  199.  Again,  if  R'  be  the  axis  major  of  the  section  of  the 
ellipsoid  of  gyration  perpendicular  to  OP,  the  plane  perpendicular  to  R'  con- 
tains the  perpendicular  on  the  tangent  plane  drawn  at  the  extremity  of  JS,  that 
is,  the  plane  of  R  and  OP  contains  the  instantaneous  axis  of  rotation. 

265.  motion  of  a  Free  Body  under  the  Action  of 
Impulses. — If  X,  T,  Z,  be  the  components  of  any  one  of  the 

impulses,  and  u\  v\  w\  u,  v,  tv  the  components  of  the  velocity  of 
the  centre  of  inertia  G  before  and  after  the  action  of  the  im- 
pulses, the  velocity  of  G  is  determined  by  the  equations 

m{u-u')  =  ^x,  m{v-v')  =  ^Y,  m{w-w)  =  :2z,  (12) 

where  Tl  is  the  mass  of  the  body. 

Again  (Art.  209),  the  motion  of  the  body  relative  to  its 
centre  of  inertia  is  the  same  as  if  that  point  were  fixed  in 
space.  Hence  if  X,  M,  jy  be  the  moments  of  the  impulses 
round  the  principal  axes  of  the  body  at  G,  and  w/,  wz,  w/, 
wi,  W2,  W3  the  angular  velocities  of  the  body  round  these 
axes,  before  and  after  the  action  of  the  impulses,  we  have 

A  (0)1  -  o)/)  =L,  B  ((02  -  o)/)  =M,  C  (0)3  -  o)/)  =  iV,    (13) 
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where  "A,  B,  C  are  the  principal  moments  of  inertia. 
Without  having  recourse  to  Art.  209,  we  may  deduce  equa- 
tions (13)  directly  from  (18),  Art.  204,  and  (20),  Art.  205, 
by  the  method  of  Ex.  2,  Art.  213.^ 

From  equations  (12)  and  (13)  it  appears  that  an  impulse 
whose  direction  passes  through  the  centre  of  inertia  of  a 
free  rigid  body  produces  a  motion  of  translation  only,  whereas 
an  impulse  not  passing  through  the  centre  of  inertia  pro- 
duces both  a  translation  and  a  rotation. 

266.  General  Ex:pressioii  for  tbe  Tis  Yiva  of  a 
Body. — As  the  motion  of  a  body  relative  to  one  of  its  points 
must  always  consist  of  a  rotation  round  some  axis  through 
the  point,  it  follows,  from  Art.  134,  that  if  a  body  be  free, 

^mv^  =  TlV^  +  Iuj\ 

where  ^  is  the  mass  of  the  body  ;  Fthe  velocity  of  its  centre 
of  inertia;  /  the  moment  of  inertia,  and  w  the  angular 
velocity,  round  the  instantaneous  axis  through  the  centre  of 
inertia. 

As  was  shown  in  Art.  263, 

Iio^  =  Aw^  +  Bw^  +  (7w3^ 

Again,  if  a,  b,  c,  i,  J,  k  be  the  moments  and  products  of 
inertia  for  the  centre  of  inertia,  round  three  rectangular  axes, 
which  are  parallel  to  fixed  directions  in  space,  and  cux,  wy,  tJz 
the  corresponding  angular  velocities  of  the  body, 

I(o^  =  awx  +  hwy^  +  C(i}z  -  ^iii)y  (vz  -  2jioz  (i)x  -  ^kojx  (t>y ; 
whence  we  have 

Smt?*  =  mV^  +  Awi"  +  Boji"  +  CtJz^  (14) 

=  ^  F^  +  aw/  +  b(jjy^  +  C(i)z  -  2io}y  wz  -  2j(x)z  <Dz  -  ^kwx  wy.  (15) 
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Examples. 

1.  A  free  body  is  set  in  motion  by  an  impulse.  If  tbe  initial  motion  be  a 
pure  rotation,  show  that  the  directions  of  the  impulse  and  of  the  instantaneous 
axis  of  rotation  are  principal  axes  of  a  section  of  the  momental  ellipsoid 
relative  to  the  centre  of  inertia. 

Since  the  initial  motion  is  a  pure  rotation,  the  initial  velocity  of  the  centre 
of  inertia  is  at  right  angles  to  the  direction  of  the  instantaneous  axis  of 
rotation.     The  above  statement  follows,  then,  from  Art.  264. 

2.  On  the  same  hypothesis  as  in  the  last  example,  show  that  the  instan- 
taneous axis  of  rotation  is  a  principal  axis  of  the  body,  at  the  point  in  which  it 
is  met  by  its  shortest  distance  from  the  line  of  direction  of  the  impulse  (see  Ex.  1, 
Art.  241). 

3.  If  different  impulses  applied  to  the  same  body  produce  velocities  of  ro- 
tation round  parallel  instantaneous  axes,  prove  that  in  general  these  axes  lie 
in  one  plane  containing  the  centre  of  inertia,  and  perpendicular  to  the  lines  of 
direction  of  the  impulses,  and  that  the  points  in  which  this  plane  meets  these 
lines  lie  on  a  straight  line. 

4.  If  in  the  preceding  example  the  instantaneous  axes  are  parallel  to  a 
principal  axis  through  the  centre  of  inertia,  prove  that  the  lines  of  direction  of 
the  impulses  lie  in  the  corresponding  principal  plane  at  the  centre  of  inertia. 

The  theory  of  the  centre  of  percussion,  given  in  Art.  235,  may  be  collected 
from  Examples  2,  3,  4. 

5.  A  body  is  moving  freely  :  under  what  circumstances  can  it  be  brought  to 
rest  by  an  impulse,  and  what  must  be  the  magnitude  and  position  of  the 
impulse  ?  ^ 

The  direction  of  the  impulse  must  be  opposite  to  that  of  the  velocity  of  the 
centre  of  inertia,  and  its  magnitude  must  be|  equal  to  the  momentum  of  trans- 
lation of  the  body.  Again,  the  moment  of  the  impulse  round  the  centre  of 
inertia  must  be  equal  and  opposite  to  the  couple  of  principal  moments.  Hence 
the  magnitude  and  position  of  the  impulse  are  determined,  and  the  motion  of 
the  body  must  be  such  that  the  momentum  axis  is  perpendicular  to  the  direction 
of  motion  of  the  centre  of  inertia. 

6.  A  free  body  is  set  in  motion  by  an  impulse  of  given  magnitude,  and  pass- 
ing through  a  given  point  F  of  the  body ;  find  the  directions  of  the  impulse  for 
which  the  initial  vis  viva  of  the  body  is  a  minimum,  and  for  which  it  is  a  maxi- 
mum. 

Since  the  impulse  is  given  so  is  the  velocity  V  of  the  centre  of  inertia ;  but 
the  total  vis  viva  2T=  m  V^  +  S,  where  S  is  the  vis  viva  of  the  motion  relative 
to  the  centre  of  inertia ;  hence  T  is  a  minimum  when  S  is  zero,  i.  e.  when  the 
direction  of  the  impulse  passes  through  the  centre  of  inertia. 

Again,  the  direction  of  the  impulse  for  which  /S  is  a  maximum  is  found  as  in 
Ex.  9,  Art.  264,  and  when  /S  is  a  maximum  so  likewise  is  T. 

7.  A  free  body  is  set  in  motion  by  an  impulse  whose  magnitude  and  perpen- 
dicular distance  from  the  centre  of  inertia  of  the  body  are  given  ;  find  the  direc- 
tion of  the  impulse  so  that  the  initial  vis  viva  of  the  body  may  be  a  maximum. 

Here  S  must  be  a  maximum,  and  therefore,  as  in  Ex.  1,  Art.  264,  the 
impulse  must  lie  in  a  plane  passing  through  the  centre  of  inertia  and  perpen- 
dicular to  the  axis  of  least  inertia  of  the  body. 


-k<Oy 

-M)   = 

G.^ 

^'• 

-kiiioi 

+  h(ay 

-  tO>s)  = 

Gy 

l(- 

-j^x 

-    i0)y 

+    COi;,)    = 

G.. 
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267.  Equations  of  Hotion  of  a  Body  having;  a 
Fixed  Point. — In  the  case  of  continuous  forces,  if  Gxy  Gy, 
Gs  be  the  moments  of  the  applied  forces  round  the  space 
axes,  the  equations  of  motion  are  (25),  Art.  210, 

dH,  dSy  dS, 

We  may  substitute  for  Hxy  Sy,  and  H^  in  these  equations 
their  values  given  by  (1),  or  by  (4).  If  we  make  the  former 
substitution  we  obtain 


(17) 


In  the  case  of  homogeneous  spheres,  as  also  in  that  of  the 
initial  motion  of  a  body  starting  fronji  rest,  these  equations 
are  sometimes  useful ;  but  since  in  general  a,  k,  j,  &c.  vary 
with  the  time,  it  is  usually  necessary  to  reduce  equations  (17) 
to  a  more  manageable  form. 

If  we  substitute  for  Hx^  Sy,  Hg  in  (16)  their  values  given 
by  (4)  and,  after  performing  the  differentiations,  suppose  the 
space  axes  to  coincide  with  the  instantaneous  positions  of  the 
principal  axes  of  the  body  at  0,  we  have  by  (6),  Art.  255,  and 
(9),  Ajt.  256,  remembering  that  in  this  case  a^,  Ui,  bi,  h,  Ci, 
Ci,  are  each  zero,  and  that  ai  =  b^  =  c^  =  1, 

dRx      .dix)x     ,  o     ^. 

^  =  ^'^"(^~^)^'"^" 

whence,  if  L,  M,  iV  be  the  moments  of  the  applied  forces 

2  A 
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round  the  principal  axes  at  0,  the  equations  of  motion  be- 
come 

B'^-^-{C-A)u^^io,  =  M    y,  (18) 

dt      ^  ^  J 

Equations  (18)  are  due  to  Euler,  and  are  called  by  his 
name. 

268.  Equations  of  motion  of  a  Free  Body. — If  we 

denote  the  mass  of  the  body  by  3)?,  we  have 


where  x,  y,  z  are  the  coordinates  of  the  centre  of  inertia  re- 
ferred to  any  three  rectangular  axes  fixed  in  space ;  and  S X, 
S  F,  SZ  are  the  sums  of  the  components  of  the  applied  forces 
parallel  to  these  axes. 

Again,  since  the  motion  of  the  body  relative  to  its  centre 
of  inertia  is  the  same  as  if  that  point  were  fixed  in  space 
(Art.  209),  we  have 


dwi 
~di 


[B  -   C)  TTaWs  =  L 


B^'-{C-A)io,a>,  =M 
dt 


(20) 


where  a>i,  wz,  ws  are  the  angular  velocities  ;  A,  B,  C  the 
moments  of  inertia;  and  Z,  M,  JSf  the  moments  of  the 
applied  forces  round  the  three  principal  axes  of  the  body 
at  the  centre  of  inertia. 
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Instead  of  equations  (20)  we  may  use  (17),  the  axes  being 
parallels  through  the  centre  of  inertia  to  directions  fixed  in 
space. 

As  in  the  case  of  impulses,  equations  (20)  may  be  deduced 
directly  from  Art.  204  by  the  method  of  Ex.  2,  Art.  213. 

From  equations  (19)  and  (20),  it  appears  that  a  force 
whose  direction  passes  through  the  centre  of  inertia  of  a  free 
body  produces  a  motion  of  translation  only,  whereas  a  force 
not  passing  through  the  centre  of  inertia  produces  both  a 
translation  and  a  rotation. 

Examples. 

1 .  A  body  is  given  a  rotation  round  a  principal  axis  through  its  centre  of 
inertia,  and  is  acted  on  by  a  couple  having  this  line  for  its  axis.  Show  that  the 
body  will  continue  to  revolve  round  the  axis  of  initial  rotation. 

2.  One  end  of  a  uniform  rod  rests  on  a  horizontal  plane  and  against  a  vertical 
wall ;  the  other  rests  against  a  parallel  vertical  wall.  All  the  surfaces  being 
smooth,  if  the  rod  slips' down,  determine  the  motion. 

Take  the  intersection  of  the  horizontal  and  vertical  planes  passing  through 
the  first  end  of  the  rod  for  axis  of  x,  and  a  vertical  plane,  at  right  angles  to  the 
walls  and  passing  through  the  initial  position  of  the  centre  of  inertia  of  the  rod, 
for  the  plane  of  yz,  the  axis  of  z  being  vertical. 

Let  j8  be  the  angle  which  the  rod  at  any  time  makes  with  the  axis  of  y,  2a 
its  length,  2b  the  distance  between  the  walls,  xi,  yi,  z\ ;  x^,  yi,  z% ;  and  x,  y,  z 
the  coordinates  of  the  two  extremities,  and  of  the  centre  of  inertia  of  the  rod. 
Then 

y\  =  0,     zi  =  0,     y2  =  2b,     y  =  f  [yi  +  y-i)  =  b  : 

b 
also  f/  =  a  cos  )8,  whence  cos  j8  =  - ;  thus,  as  fi  is  constant,  the  motion  of  the  rod 

d 

relative  to  its  centre  of  inertia  is  a  rotation  round  the  axis  of  ?/,  whose  ampli- 

d^x 
tude  at  any  time  may  be  denoted  by  <p.    Again,  as  m  —7  =  0,  and  as  the  initial 

dx 
value  of  —  is  zero,  it  is  zero  throughout  the  motion  ;  also,  since  y  is  constant, 

dy 

—  =  0  ;  whence  the  equation  of  vis  viva  is 

iit 

m  (A2  <^2  +  |2)  =  2mg  {zq  -  z). 

■VT  79     ^^  sink's      _  .    „ 

Now  k^  =  — ,     z  =  a  siujS  cos  ^, 

o 

whence,  as  the  initial  value  of  ^  is  zero,  we  obtain 

(1  +  3  sin2«^)  <^2  =       ^^       (1  -  cos  <p). 
Va2  _  62 
Also,  X'2,  =  a  sin  )8  sin  <|),  which  determines  the  position  of  the  upper  end  of  the 
rod  when  <p  is  known. 

2  A2 
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3.  A  heavy  body  is  supported  in  equilibrium  by  two  strings :  one  is  cut ;  find 
the  initial  tension  of  the  other. 

The  two  strings  and  the  centre  of  inertia  G  of  the  body  lie  at  first  in  the 
same  vertical  plane ;  let  this  plane  be  that  of  3/2,  the  axis  of  z  being  vertical,  and 
its  positive  direction  downwards,  and  let  the  origin  be  the  point  0  to  which  the 
uncut  string  is  attached.     (See  figure,  p.  293.) 

Let  I  be  the  length  of  the  string  OA,  and  h  the  distance  AG,  the  direction 
cosines  of  OA  being  o,  )3,  7,  those  of  AG,  \,  /j.,  v;  then,  if  x,  y,  z  be  the  co- 
ordinates of  G,  we  have  1/  =  Ifi  +  hfi,  z  =  ly  +  hy  ;  and,  if  T  be  the  tension  of 
the  string,  and  m  the  mass  of  the  body,  the  equations  of  motion  of  G  are 

mx  =  —  To,     mi/  =  —  Tfi,     tnz  =  mg  -  Ty. 

Differentiating  the  expressions  for  y  and  z  twice,  substituting,  and  remembering 
that  the  initial  values  of  the  differential  coefficients,  with  respect  to  the  time,  of 
«.  /3,  7,  A,  n,  V  are  each  zero,  we  get 

,d^y      ^  d^tf  Ty 

Multiplying  the  first  of  these  equations  by  /3,  the  second  by  7,  and  adding, 
we  have  initially 

•iuce  a'  +  )8'  +  7'  =  1,  and  initially  a  =  0, 

and  therefor.  fl(^)+^(^)=0. 

Now  by  (6),  Art.  265,  since  A  is  zero  initially,  we  have 

doi»      T 
Hence  initially  h{&v~yn)  —  = gy. 

If  p  be  the  length  of  the  perpendicular  from  0  on  the  initial  position  of  th» 
string,  this  equation  may  be  written 

T 
pa>»  = gy. 

fn 
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Again,  if  «,  h,  e,  i,  j,  k  be  the  moments  and  products  of  inertia  round  azei 
through  G  parallel  to  the  coordinate  axes,  we  have  initially 


dC 


{awM  -  kcoy  -jvt)  =-  Tpt 


—  (-  kux  +  h(Oy  -  t(tf«)  =  0, 


dt 


{—J'OJX  —  ittiy  +  CWz)  =  0. 


In  diflferentiating,  since  the  initial  values  of  «*,  Wy,  and  bi%  are  each  zero,  a, 
&c.,  may  be  treated  as  constants,  and  as  having  the  values  belonging  to  the 
initial  position  of  the  body.  We  have,  then,  for  the  initial  values  of  a>x,  &c., 
and  T  the  equations, 

awx  —  kd}y  —jtiix.  =  —  Tpi 

—  ko)x  +  hu}y  —  id},  =  0, 

-  jQ}j,  —  iuy  +  ed},=  0  ; 
whence,  if  A  be  the  determinant 

a  -A  -J 
^h  b  -i 
-J    -i     c 

we  obtain  Acu*  =  —  {be  —  t^)  Tp. 

Substituting  for  a>x,  we  have  finally  for  Tq  the  initial  value  o    T, 
A70  ABCyo 


T.= 


mg  = 


A  +  mp'^  (be  -  i2)     "     ABC  +  mp"^  [be  -  i^) 


FixW- 


269.  Motion  of  a  Body  round  a  Fixed  Point, 
under  the  Action  of  no  External  Force. — In  this 
case  equations  (18)  become 

in  which  we  shall  suppose  A  >  B  >  C. 

Multiply  the  first  by  wi,  the  second  by  wz,  the  third  by  wt, 
add,  and  integrate,  and  we  have 

Aw,^  +  Bi^^  +  Ci^i  =  B,  (21) 
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Next  multiply  the  first  by  ^wi,  the  second  by  Bu)2,  the 
third  by  (7^3,  add,  and  integrate,  and  we  have 

A^  CO,'  +  B'  uj,'  +  C  u),'  =  H\  (22) 

In  equations  (21)  and  (22)  S  and  H  are  constants. 
These  equations  could  have  been  obtained  directly  from  (3), 
Art.  261,  and  (7),  Art.  263,  by  articles  200  and  213. 

Again,  if  we  multiply  the  first  of  the  equations  obtained 

from  (18)  by  -j-,  the  second  by  -^,  the  third  by  — ',  and  add, 
we  get 

'B-C     0-A     A-B 


da)i         du)2         d(jji      fj 


(oi  —fj-  +  W2  —rr  +  <*^3-7r  =  \  — j r  — ^ —  "^  — p —  J  ^i  ^2  ^3> 

di^        {A-B){B-C){C-A) 
or  (.-  = -^^ a>,a,.a>3. 

If  we  combine  the  two  equations  already  found  with  the 
equation 

and  solve  for  loi,  we  get 
1,      1,      1 
A,    B,     0 

A',  B\    C' 

^^^^^^       ''^  =  (A-B){A-C)  r ^ r  ^^^^ 

If  we  denote   — ^ — :^ by  Ai,  and  the  two  correspon- 

ding  quantities  by  A2  and  A3,  we  have 
ABO 


w,'  =  cj'BC{C-B)-S{C'-B')  +  H'{0-B); 


tt>l(i>2W3  = 


{A-B){A-C){B-C} 


y((a>^-A0(A2-a>^)(a>'-A3)}; 


«>  ^  =  v/  { (Ai  -  u>')  (A2  -  «>^)  (A3  -  io') ) .       (24) 
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Again,  since 

AS-H'  =  B{A-  B)uy,'  +  C{A-  C)w^\ 

it  follows  that  ^>Sf  is  always  greater  than  H"^ ;  in  like  manner 
we  see  that  CB  is  less  than  R^,     Hence  we  see  at  once  that 
Ai,  X2,  and  A3  are  each  positive  quantities. 
Also,  we  have 

therefore  A2  is  the  greatest  of  the  three  ;  also  Ai  -  A3  has  the 
same  sign  as  B8  -  H^,  and  this  depends  on  the  initial  con- 
ditions. 

Again,  since  wi^,  (x)2,  W  are  each  positive, 

tu^  >  Ai,     U)^  <  A2,    (JJ^  >  A3. 

Hence  we  may  assume  either — 

(1),  w^  =  Aisin^^  + Azcos^^,  or  (2)  a)^  =  A3sin^i/^  +  A2Cos'«/'. 

In  the  former  case,  if  we  select  the  negative  sign  of  the 
square  root  in  (24),  that  equation  gives 

^  =  yA2-A3-(Aa-Ai)sin^0  =  y^A^^  yi-^^sin>,     (25) 

where  F  =  ^ — ~. 

A2  —  A3 

Hence,  by  (23),  we  get 

AO 

'^''^  =  {A-B){B-C)^^'-^'^''''''^  >'    (2^) 

AB 

'^^  ~[A-C)[B-C) 
In  the  second  case,  we  get 


(A3-A3)(l-/i;'sin» 


f  =  yA2-A.Jl-isin^^,  (27) 


360 
and 


Wl 


€i>a 
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AC 


(i)*  = 


[A-B)[B-C) 

AB 
[A-C)[B-C) 


(A2  -  A3)  sin'j/r 


l.  (28) 


It  is  obvious  that  0  and  i^  are  connected  by  the  equation 
QiVLxlf  =  k sin  0. 

We  thus  see  that  when  either  ^  or  »/r  is  known  the 
values  of  cui,  W2,  ws  can  be  determined.  Also,  from  (25)  and 
(27),  we  see  that  ^  and  x^/  are  at  once  expressible  in  terms 
of  t  as  elliptic  functions  of  the  first  kind. 

We  now  proceed  to  give  a  geometrical  representation  of 
the  angles  0  and  i/^. 

Let  X,  y,  z  be  the  coordinates  of  the  point  P  in  which  the 
momentum  axis,  at  any  instant,  intersects  the  surface  of  the 
ellipsoid  of  gyration. 


a^      y^     ^'^  _  1 

?  "^  6^  "^  ?  -  -^ ' 


then,  if  i2  =  OP,  we  have 


AiDx  =  H-^,    Bwz  =  H 


Hence 


AiOi 

X 

A 


Bw2 

y 


H 


C(x)i 

z    ~  B 
B 


y_ 


Cu)z 


^i 


=  /3JJ/Sf;(Ex.8,Art.264) 
C 


X  = 


Hence,  in  terms  of  0,  we  have 


0)2,     2  = 


^/ms 


0)3. 


(29) 


ABO 


mS  \{A-B){A-0) 


v^Aj-  Aicos^ 


^'^ms  >i 


ABO 


{A-B){B-0) 


v^As  -  Ai  sin  (j) 


(30) 
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And,  in  terms  of  xj/, 


yJTlS^JiA- 


ABC 


B)[B-C) 


a/ A,  -  Aj  sin  ^ 


\  C      I  ABO  /r — r-         , 


(31) 


These  equations  show  that  the  position  of  the  momentum 
axis  in  the  body  is  determined  when  either  ^  or  ;//  is  known. 
If  we  write  equations  (30)  in  the  form 


X  =  a  \/\i  -  Ai  cos  (pi  y  =  P  V  As  -  Ai  sin  (j>, 
we  get 

|.|  =  A,-X..  32) 

This  is  the  equation  to  the  projection  on  the  plane  of  xy  of 
the  curve  described  by  F  on  the  surface  of  the  ellipsoid  of 
gyration.  Next,  if  o-  be  the  angle  which  a  cyclic  plane  of 
the  ellipsoid  of  gyration  makes  with  the  plane  of  a-y,  we 
easily  see  that 

(B-  C)      a 
cos  tr  -        '  '        ^  ^  - 


a    lb'  -  c'       JA 
b  yja'  -  c'  ~  SB 


(A-C)     (5' 

From  this  it  follows  that  lines  parallel  to  the  axis  of  2  will 
project  the  ellipse  (32)  into  a  circle  on  the  cyclic  plane.  This, 
in  fact,  is  a  well-known  theorem  in  surfaces  of  the  second 
degree,  since  the  locus  of  P  is  a  sphero-conic.  (Ex.  8, 
Art.  264.) 

In  like  manner  it  follows  from  (31)  that  the  projection  of 
this  sphero-conic  on  the  cyclic  plane  by  lines  parallel  to  the 
axis  of  X  is  another  circle. 

These  circles  in  the  cyclic  plane  are  exhibited  in  the 
accompanying  figure,  in  which  01^  is  the  mean  axis  of  the 
ellipsoid.  If  we  suppose  Ai  >  A3,  i.e.  BS  >  JS',  then  it  is  easily 
seen  that  the  inner  circle  is  the  projection  by  lines  parallel 
to  the  axis  of  z.  Hence,  if  M  and  M'  be  the  positions  of  the 
projections  of  F  at  any  instant,  we  shall  have  MOQ  =  (/>, 
and  M'OQ!  -=  ;//.  This  construction  for  the  position  of  the 
momentum  axis  in  the  body  is  due  to  Mao  Cullagh. 
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From  Article  213  it  appears  that  the  direction  of  the 
momentum  axis  in  space  is  invariable. 

It  should  be  observed  that  these  results  also  hold  good 

mLQ 


for  the  motion  of  a  free  body  under  the  action  of  no  forces, 
provided  its  centre  of  inertia  be  taken  as  the  origin. 

Examples. 

1.  If  S"^  =  BS,  find  the  position  of  the  momentum  axis  at  any  instant. 
It  is  immediately  seen  that  in  this  case  the  momentum  axis  always  lies  in  a 
cyclic  plane  of  the  ellipsoid  of  gyration.     Also,  since 

Ai  =  A2,     we  have  ^  =  1. 

Hence  equation  (25)  hecomes 

C03<p 


Hence 


^aT:!;  *  =  Ut,      where  k  =  jA^^i^^^. 
log  tan  ( 7  +  I)  =  ^^i  +  constant, 


and  we  get 

where  cpo  is  the  initial  value  of  (p.  Hence  the  momentum  axis,  and  therefore  also 
the  instantaneous  axis  of  rotation,  tends  to  approach  without  limit  to  the  mean 
radius  of  gyration. 
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2.  Investigate  the  motion  if  the  initial  axis  of  rotation  he  very  close  to  the 
least  axis  of  inertia. 

In  this  case  R  is  nearly  equal  to  <?,  and  .-.  H"-  -  CS  is  very  small  :^  accord- 
ingly ^  is  a  very  small  quantity,  and  we  get  approximately,  from  equation  (25), 


/ S    UB  -C){A-  C)  ^ 

<{>  =  ^?^2-A3t+<po  =  -^'- -j^ '-t  +  <po, 

where  ^o  is  the  initial  value  of  ^. 

If  h  denote  the  time  which  the  hody  takes  to  revolve  round  its  axis  of  rota- 
tion (which  is  nearly  coincident  with  the  least  axis  of  the  ellipsoid  of  gyration), 
and  t2  the  time  of  a  complete  revolution  or  oscillation  of  the  momentum  axis  round 
the  axis  of  z  ;  then 


JET         ^        S    UB-G){A-C)  ^       ^         „  .      ,, 

-  ifi  =  27r,     ^  ^  ^ -^ '-  h  =  27r,     E  =  c,     approximately. 


G  \  AB 

Hence,  approximately, 


H      ■      ■  ^^ 


=  ^W(^ 


C)  {B  -  G) 


li  B  —  Che  very  small,  h  will  he  very  large  in  comparison  with  t\. 

A  corresponding  result  may  he  obtained  when  E  nearly  =  a. 

This  investigation  would  he  applicable  to  the  Earth  if  its  axis  of  rotation 
were  nearly  but  not  exactly  a  principal  axis.  In  this  case  ^i  would  be  the  length 
of  the  day.  The  total  attractions  of  other  bodies  are  supposed  to  pass  through 
the  centre  of  inertia  of  the  Earth. 

3.  If  two  of  the  principal  moments  of  inertia  of  the  body  be  equal,  prove  that 
— (1)  the  simultaneous  positions  of  the  momentum  axis  and  the  instantaneous 
axis  of  rotation  lie  in  a  plane  containing  the  axis  of  unequal  moment  of  inertia  ; 
(2)  the  instantaneous  axis  and  the  momentum  axis  describe  in  the  body  right 
circular  cones  whose  semi-  angles  are  i  and  7,  where 

^     ,  .      G    H^-  CS          ^   ^     ,         A   H^-GS 
tan2 1  =  — . ,     and  tan'*  v  =  — . , 

the  axis  of  unequal  moment  of  inertia  being  the  axis  of  z  ;  (3)  the  values  of 
o,  coi,  «2,  «3  at  any  time  are  given  by  the  equations 

(A-  G      ^        \  .    .   .     (A-G      ^       \ 

<wi  =  «  sm  t  cos  I  — - —  <W3  ^  +  X ) )    W2  =  -  «  sm  t  sin  (  — - —  W3  ^  +  X  1  > 

.     ^     {A+C)8-H'' 

<W3  =  «  COS  t,  «2  = — J     where  x  is  an  arbitrary  constant. 

A(j 


270.  Conjugate  Ellipsoid  and   Conjugate  liine. — 

When  a  body  on  which  no  external  force  is  acting  is  in 
motion  round  a  fixed   point,   the   squares   of   the   angular 
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velocities  of  tlie  body  round  its  principal  axes  at  the  point 
must  fulfil  the  two  independent  linear  equations 

^wx'  +  Bio^^  +  Cuy^^  -  ^  =  e  =  0  j 

A'ui,'+  B'w^  +  CW  -  ^'=  <!>  =  0  r  ^^^^ 

Any  other  linear  equation,  9'  =  0,  between  these  variables 
must  be  of  the  form  aO  +  /30  =  0,  where  a  and  /3  are  con- 
stants, since  otherwise  each  angular  velocity  would  be  com- 
pletely determined.  Hence,  if  we  suppose  that  wi,  W2,  w» 
satisfy  also  the  two  equations 


A'u,,'  +  BW  +  CW  -  /S'  =  9'  =  0  ' 
A'W  +  B'W  +  C'W  -  E''=  <E>'  =  0  , 


(34) 


we  must  have  9'  =  *  (X9  -  ^),  4>'  =y  (iu9  -  O),  where  i,  X, 
y,  fi  are  constants. 
Hence  we  get 

A'  =  iA  (X  -  A),  A''  =jA  {fx-A)\ 

B'  =  iB  (X  -  B),  B''  =jB  {fi-B)i'  (35) 

C  =  iC{X  -  C),  a'  =jCifi  -  C)  ) 

From  (35)  we  obtain 

A{\-Ay     B{\-By      C[\-Cf     j 


II- A  ix-B  II-  C 


V2' 


(36) 


whence,  by  a  well-known  property  of  equal  fractions,  we 
have 

A(\-Ar-B{\-Br     B{\-BY-C(\-Cr  _    j 

A-B  B-C  i^yK^n 

from  these,  by  performing  the  divisions,  we  get 

X  =  J(^  +  ^  +  0)^  (38) 


.(41) 
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Consequently,  from  (37)  we  obtain 

2{AB  +  BC+CA)-A'-B'-C'  =  ^,  (39) 

and  from  (36)  we  get 

[2{AB  +  BC+CA)-A'-B'-C'}fx  =  4:ABC.       (40) 
Finally,  we  have 

A'=^A{B+  C-A),  B'=^B{C+A-B),C'=^C{A+B-C) 

A  Tip 

where  X  and  jx  have  the  values  given  by  (38)  and  (40). 

It  appears  from  what  has  been  said  that  any  three  con- 
stants a,  b,  c  satisfying  two  equations  of  the  form 

atji^  +  hioi  +  Cbi^  =  constant,  a'^wi^  +  IP^i  +  c^tiy^  =  constant, 

must  be  proportional  either  to  A,  B,  C,  or  to  A\  B^,  C\ 
Hence,  if  we  apply  to  A^  B^,  C  a  transformation  similar 
to  that  which  has  been  applied  to  ^,  5,  C  we  must  obtain 
quantities  proportional  to  A^  B,  C.  From  this  it  follows 
that  the  two  quadrics  E  and  E'  given  by  the  equations 

Ax"  +  By^  +  Cz"  =  K,  -4 V  +  ^y^  +  Cz"  =  K\ 

are  each  derived  from  the  other  by  a  similar  process,  and  may 
therefore  be  called  conjugate.  Since  A^B,  C  are  each  positive, 
and  such  that  the  sum  of  any  two  is  greater  than  the  third, 
it  follows  from  (38),  (40),  and  (41),  that  A\  B\  C\  A,  /z,  8\ 
and  H'"^  are  each  positive.  Hence  we  infer  that  the  quadrio 
E'  is  an  ellipsoid. 

If  /  be  the  intercept  made  by  the  conjugate  ellipsoid  jB' 
on  the  instantaneous  axis  of  rotation  of  the  body,  p'  the 
perpendicular  from  the  fixed  point  on  the  tangent  plane  to 
E'  at  the  extremity  of  /,  and  ^'  the  angle  between  /  and  p\ 
it  can  be  proved  in  the  same  manner  as  in  Art.  264,  that 


,     /S'     ,      \K'        ,   VE!S' 
wcos^  =  -g>,  ^  =J~^^i  P  =—^^ — 

The  perpendicular  to  the  tangent  plane  to-E'at  the  extremity 
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of  /  corresponds  to  the  momentum  axis  in  the  momental 
ellipsoid,  and  is  called  the  conjugate  line. 

This  Article  and  the  following  Examples  are  taken  from 
a  Paper  by  Dr.  Eouth  in  the  Quarterly  Journal  of  Pure  and 
Applied  Mathematics  for  1888. 

Examples. 

1.  If  a  body  on  whicli  no  external  |force  is  acting  be  moving  round  a  fixed 
point  0,  and  a  quadric,  having  as  axes  the  principal  axes  of  the  body  at  6>,  be 
such  that  the  intercept  which  it  makes  on  the  instantaneous  axis  of  rotation  at 
any  time  is  proportional  to  the  angular  velocity,  and  that  the  perpendicular 
from  0  on  the  tangent  plane  at  the  extremity  of  this  intercept  is  constant,  the 
quadric  must  be  either  the  momental  or  the  conjugate  ellipsoid. 

2.  If  P  be  a  point  on  the  conjugate  line  at  a  constant  distance  R  from  the 
fixed  point  0,  and  Q  the  point  of  the  body  which  coincides  at  the  instant  with 
P,  prove  that  the  velocity  of  P  is  double  that  of  Q,  and  that  the  directions  of 
these  two  velocities  coincide. 

Let  X,  y,  z  be  the  coordinates  of  Preferred  to  the  principal  axes  at  0;  u,  v,  to 
its  space  velocities  parallel  to  these  axes ;  and  u',  v',  w'  those  of  Q ;  then 

u  =  W22  —  way*     1^'  =  «3^  —  «iJS»     w;'=  (aiy  —  azx, 

u  =  x+  u',  V  =  y  +  v',  w  =  z  +  w'. 

Now, 

R'x  =  RA'm,     S'y  =  RB'o32,     S'z  =  RG'uz ; 

hence,  by  (41),  we  have 

i  7? 

x  =  ^,A{B+C-A)<hu 

iR 
and  u'  =  ^^  {B  -  C)  {B  +  C -  A)  az  ws; 

whence,  by  Euler's  equations,  Art.  267,  we  obtain  x  =  u',  and  therefore  «  =  2w  ; 
and  in  like  manner  v  =  2t'',    w  =  2w'. 

3.  Determine  the  motion  of  the  conjugate  line  in  space. 

Let  6  be  the  angle  between  the  conjugate  line  OF  and  the  invariable  line  or 
momentum  axis  OZ,  \p  the  angle  which  the  plane  ZOJP  makes  with  a  fixed 
plane  passing  through  OZ,  (p  and  (p'  the  angles  made  with  OZ  and  OR  by  the  in- 
stantaneous axis  of  rotation  of  the  body  ;  also  let  n  be  the  component  round  OZ 
of  the  angular  velocity  of  the  body,  and  n'  its  component  round  OF ;  then 

S       ,  ,      S' 

ii  =  w  cos  (p  =  ■—,  n  =  eu  cos (p  =  -— . 

By  considering  the  motion  of  a  point  of  the  body  situated  at  the  instant  on 
OP,  it  is  plain  from  Ex.  2,  that  the  angular  velocity  of  the  body  round  an  axis 
perpendicular  to  OF  in  the  plane  ZOF  is  \  sin  Q-i^.     Hence 

n  =  ^  sin^  Q^  +  n'  cos  0, 


•whence 
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s      S' 


(v  \  \ 

--— ,  COS0J.  («) 

'■  of  a  point  of  the  body  at  th< 
»',  we  have,  by  Ex.  2, 

\  (sin2  Q^"^  +  02)  =  a,2  sin2  ^f^ 
Sin2   04.2  +  02  ^  4    L,2_^\  (^) 


Again,  the  whole  velocity  of  a  point  of  the  body  at  the  unit  distance  from  0  on 
the  line  OP  being  w  sin  ^',  we  have,  by  Ex.  2, 

that  is 


We  have  now  to  express  «2  in  terms  of  0,  which  can  be  done  as  follows  : — 
Expressing  cos  0  in  terms  of  the  direction  cosines  of  OF  and  OZ,  we  have 

EE'  cos  e  =  AA'ui^  +  BB'a}^^  +  CCwa^ 

=  i  A  (^2„l2  +  Bi^  «22  +  C2  0)3^)  -  i  (^3  ^^^2  +  _B3  <„22  +  (7^  wgZ). 

Hence  we  get 

ffff' 
A^wr  +  J?3„22  +  (73  W32  =\E-  -—  cos  0. 

If  we  combine  this  equation  with  (33),  and  solve  for  oji^,  we  obtain 

{A-B){B-C){0- A)  wi'=-—^  \SBC+H^A-\)--j-  cos0  . 

From  this  and  the  similar  expressions  for  wz^  and  0)32  we  get 

WW 

ABCu,"^  =  S{AB  +  BG  +  GA)  -  \E^  {A  -[■  B  ^  C) r-  cos  0. 

Substituting  the  value  for  (a^  given  by  this  equation  in  (J),  we  obtain 
sin^e-^'^^e''=-^{S{AB  +  BG-vGA)-lE-^{A^B+G)} 

From  {a)  and  this  equation  e  and  »//  can  be  obtained  by  quadratures. 

271.  Stress  Exerted  by  a  Body  on  a  Fixed  Point. 

— In  order  to  determine  the  force  exerted  by  a  fixed  point  on 
a  body  we  have  only  to  consider  the  point  as  replaced  by 
a  force,  whose  components  are  Xo,  Po,  Zq,  passing  through  it. 
We  may  then  consider  the  body  as  free,  and  we  have,  by 
Article  268, 

with  two  similar  equations. 

But  as  the  body  is  rotating  round  the  origin,  if  we  sup- 
pose the  axes  fixed  in  space  to  coincide  at  the  instant  under 
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consideration  with  tlie  principal  axes  through  the  origin,  we 
have 

d'^x        _  dw^      _  dii)z  .  _    ^      ,    ,        „,  _ 


df 


dt 


dt 


Substituting  for  -7^  and  —^  from  Euler's  Equations,  we 


+  Z  ^  )  -  (W2'  +  W3')  X. 


get, 

Now,  let  ^i,  /S2,  ^3  he  the  components  of  the  stress  on  the- 
fixed  point  at  any  time,  in  the  directions  occupied  at  the 
instant  by  the  principal  axes  of  the  body,  then  Si  =  -  Xo, 
and  therefore 

where  |,  »/,  K  are  the  coordinates  of  the  centre  of  inertia 
referred  to  the  principal  axes  through  the  fixed  point,  and 
are  absolute  constants :  SX  is  the  sum  of  the  components 
of  the  applied  forces  parallel  to  one  of  these  axes,  and  L  the 
moment  round  it  of  the  same  forces.  SX,  S  Y,  SZ,  L,  M,  N 
are  in  general  variable  with  the  time. 

In  like  manner  if  Si,  S2,  S^  be  the  impulses  arising  from 
the  instantaneous  stresses  exerted  by  a  body  on  a  fixed  point, 
in  consequence  of  the  action  on  the  body  of  any  system  of 
impulses,  we  obtain,  by  Arts.  255  and  265, 


s,-^z.n[lM.;^]^ 


(43^ 
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272.  Centrifugal  Couple. — If  a  body  have  a  fixed 
point  0,  the  change  produced  in  its  angular  velocity  round 
one  of  its  principal  axes  at  0  in  the  element  of  time  dt  is 
given,  (18),  Art.  267,  by  the  equation 

Adtxii  =  (B  -  C)  WiWsdt  +  Ldt. 

The  first  term  on  the  right-hand  side  of  this  equation 
results  from  the  angular  velocities  already  existing  round  the 
other  two  axes.  In  consequence  of  these  velocities  each  point 
of  the  body,  in  virtue  of  its  connexions  with  the  other  points, 
exerts  a  force  on  the  entire  body.  These  forces  are  in  fact 
the  centrifugal  forces  resulting  from  the  motion  of  the  body, 
and  their  moments  L\  M\  W  round  axes  fixed  in  space  may 
be  determined  directly  as  follows  : — 

Let  a,  j3,  7  be  the  angles  which  the  instantaneous  axis  of 
rotation  makes  with  the  axes  of  coordinates ;  p  the  perpen- 
dicular distance  from  this  axis  to  any  point  rrys  of  the  body ; 
q  the  intercept  between  the  origin  and  the  foot  oi  p  ;  r  the 
radius  vector  to  the  point  (v?/z  ;  and  w  the  angular  velocity  of 
the  body  round  the  instantaneous  axis.  The  centrifugal 
force  at  the  point  xt/z  is  mpio^  acting  along  p  ;  and  the 
component  of  this  force  along  the  axis  of  x  is  mtj^  multiplied 
by  the  projection  oip. 

If  we  project  the  triangle  formed  by  rpq  on  the  axis  of 
iP,  we  have 

projection  ofp  =  projection  of  r  -  projection  oi  q  =  x-q(ioaa, 

and  q  =  X  COS  a  +  i/  COS (5  +  z  Qoay ; 

hence  the  centrifugal  force  along  axis  of  x 

=  nid)^  [x  -  {x  cos  a  +  y  cos  (5  +  z  cos  y)  cos  a} 

=  ma>'  {x  (cos'i3  +  cos'y)  -  2^  cos  a  cos  /3  -  s  cos  a  cos  y] 

=  m  [X  {(Jjy*  +  (tit)  -  yiOx  <Oy  -  ZfVz  w,) , 

remembering  that 

cu»  =  o)  cos  a,     Wy  «  a>  COB  /3,     Wg'^w  COS  y. 
2  B 


370  Kinetics  of  a  Rigid  Body. 

In  like  manner  for  the  force  along  the  axis  of  y,  we  have 

and  for  that  along  the  axis  of  2, 

whence,  taking  moments  round  the  axis  of  x,  and  integrating 
through  the  entire  body,  we  obtain 

L'  =  [wy^  -  wz^)  jyzdm  +  My  tvz  j  (s'  -  y^)  dm  -wz(»)xj  xydm 

+  (M)xtt)yS^zdm.        (44) 

If  we  now  suppose  the  axes  to  coincide  with  the  instan- 
taneous positions  of  the  principal  axes  of  the  body,  every 
term  in  i'  vanishes  except  a>yWa  J(s^  -  y^)  dm,  and  we  get 

r={B-C)ivzM^,  (45) 

Accordingly,  the  couple  whose  components  round  the 
three  axes  are  {B  -  C)  102  wz,  &c.,  is  called  the  centrifugal 
couple. 

The  axis  of  the  centrifugal  couple  is  at  right  angles  to  the 
axis  of  principal  moments^  and  to  the  axis  of  rotation. 

For  the  direction  cosines  of  the  axis  of  the  centrifugal 
couple  are  proportional  to 

[B  -  C)  (t}2(i)3,    {C -  A)  toz (i)iy    {A-B)(i)iu)2; 

whence  it  is  seen  at  once  that  the  conditions  for  its  being 
perpendicular  to  the  two  other  lines  are  fulfilled. 

If  a  central  section  of  the  momental  ellipsoid  be  taken 
passing  through  the  instantaneous  axis  of  rotation  and  the  axis  of 
the  centrifugal  couple,  these  two  lines  coincide  ivith  the  principal 
axes  of  this  section. 

The  lines  in  question  are  at  right  angles,  and  one  is 
parallel  to  the  tangent  plane  through  the  point  where  the 
other  intersects  the  ellipsoid. 
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273.  Motion  of  a  Free  Body  relative  to  its  Centre 
of  Inertia. — As  the  equations  for  determining  the  motion 
of  a  body  relative  to  its  centre  of  inertia  are  the  same  as 
if  the  centre  of  inertia  were  a  fixed  point,  the  theorems 
of  Arts.  264  and  272,  in  reference  to  the  instantaneous  axis 
of  rotation,  the  axis  of  the  centrifugal  couple,  and  the  axis 
of  principal  moments,  hold  good. 

Examples. 
Motion  of  a  Body  unacted  on  by  Force, 

1 .  The  angular  velocity  at  any  instant  is  proportional  to  the  intercept  on  the 
instantaneous  axis  of  rotation  through  the  centre  of  inertia  cut  off  by  the 
momental  ellipsoid. 

The  velocity  of  the  centre  of  inertia  is  constant  as  well  as  the  whole  vis  viva. 
Hence  the  vis  viva  of  the  motion  relative  to  the  centre  of  inertia  is  constant,  and 
therefore,  (10),  Art.  264,  u  is  proportional  to  r. 

2.  The  component  of  the  angular  velocity  round  the  momentum  axis  through 
the  centre  of  inertia  is  constant.     See  (9),  Art.  264. 

3.  If  a  tangent  plane  be  drawn  to  the  momental  ellipsoid  at  its  point  of 
intersection  with  the  instantaneous  axis  of  rotation  through  the  centre  of  inertia, 
the  distance  of  this  plane  from  the  centre  is  constant. 

This  follows  from  (11),  Art.  264. 

If  a  body  have  a  fixed  point,  the  results  of  the  preceding  examples  hold  good, 
the  fixed  point  being  substituted  for  the  centre  of  inertia. 

4.  A  body  moves  round  a  fixed  point :  give  a  geometrical  representation  of 
the  motion. 

The  momental  ellipsoid  relative  to  the  point  rolls  on  a  plane  fixed  in  space,  so 
that  the  line  joining  the  centre  to  the  point  of  contact  is  always  the  instan- 
taneous axis  of  rotation. 

6.  A  body  is  moving  round  a  fixed  point ;  find  the  locus  of  the  instantaneous 
axis  of  rotation  in  the  body. 

_.  (i}\      C02     (1)3 

Smce  — ,  — ,  —  are  its  direction  cosines  referred  to  the  principal  axes  through 

the  point,  its  locus  is  the  cone 

AiH"^  -  AS)  x^  +  £  {m  -  BS)  y^  +  C{H^  -  CS)  x^  =  0. 

6.  Find  the  locus  of  the  momentum  axis  in  the  body. 
Its  locus  is  the  cone 

r2        */2        z2  .c 

2  +  l  +  ^  =  i(^^  +  ^^  +  ''>'    °' 


Hence  the  curve  traced  out  by  this  line  on  the  ellipsoid  of  gyration  is  a 
sphero-conic,  as  already  stated  in  Art.  269. 

2B2 
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7.  Determine  the  curve  traced  out  on  the  momental  ellipsoid  hy  the  instan- 
taneous axis. 

The  equations  of  the  curve  are  got  hy  comhining  the  equations  of  the  ellip- 
soid with  that  of  the  cone  given  in  Ex.  5  ;  they  are,  therefore, 

Ax^  +  By"^  +  Cz2  =  JT,    A'^x^  +  BY  +  CH"^  =  -— . 

This  curve  is  called  the  polhode. 

The  curve  traced  out  on  the  fixed  plane,  hy  the  point  of  contact,  is  called 
the  herpolhode. 

8.  The  projections  of  the  polhode  on  the  planes  perpendicular  to  the  axes  of 
greatest  and  least  moment  of  inertia  are  ellipses.  Its  projection  on  the  plane 
perpendicular  to  the  remaining  principal  axis  is  a  hyperhola. 

This  appears  at  once  hy  eliminating  x,  .y,  z  successively  from  the  two  equa- 
tions of  Ex.  7,  remembering  that  A>B  >C. 

9.  In  what  case  does  the  hyperhola  become  a  pair  of  straight  lines  ? 
If  ir2=  BS.     {See  Ex.  1,  Art.  269.) 

10.  If  the  body  he  free,  give  a  geometrical  representation  of  the  motion.  {See 
Ex.  4.) 

The  momental  ellipsoid  relative  to  the  centre  of  inertia  rolls  on  a  plane  at  a 
constant  distance  from  the  centre  of  inertia  and  parallel  to  a  plane  fixed  in  space, 
the  instantaneous  axis  of  rotation  being  the  line  joining  the  centre  of  inertia  to 
the  point  of  contact,  whilst  the  whole  system  moves  with  uniform  velocity 
parallel  to  a  fixed  direction. 

11.  Show  that  the  Aer^o/Ao^f?  lies  between  two  circles  the  squares  of  whose 
radii  are 

Kf         S^\  ^      K(  S^\  K/  S'\ 

-^(A.--j,     and     _^Ax--j,or    y(A3--j 

according  as  {see  Art.  269)  \i  is  greater  or  less  than  A.3. 

If  p  be  the  distance  from  the  point  of  contact  to  the  foot  of  the  perpendicular 
on  the  fixed  plane,  we  have 

p^  =  r^-p^;  huti^2  =  _.,andr2  =  -«2(Art.264);  -••  P'=^(  «' "  ^2)  • 

But,  Art.  269,  w^  >  Aj,     0,2  <  A2,     a>2>  A3. 

Hence  the  greatest  and  least  values  of  p2  are  comprised  between  the  limits 
stated  above. 

12.  If  a  body  be  rotating  round  a  fixed  point,  or  a  free  body  round  its  centre  of 
inertia,  the  couple  resulting  from  centrifugal  forces  lies  in  the  plane  containing 
the  momentum  axis  and  the  instantaneous  axis  of  rotation,  and  its  magnitude 
is  Hw  sin  <p,  or  iiS  tan  <p,  where  (p  is  the  angle  between  the  instantaneous  and  the 
momentum  axes. 
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The  components  of  the  couple  resulting  from  centrifugal  forces  are  (Art. 

272) 

(5-C)co2W3,     {C—A)wzo)\,     {A  —  B)  (a\  wif 

or  mu)^  [b"^  —  c-)  cos  )8  cos  7,  map'  {c^  —  a"^)  cos  7  cos  a,  mco-  {a^  —  b^)  cos  o  cos  fi  ; 

where  o,  $,  7  are  the  angles  made  by  the  instantaneous  axis  of  rotation  with  the 
principal  axes  of  the  body,  and  a,  b,  c  are  the  semi- axes  of  the  ellipsoid  of 
gyration.  If  p  be  the  perpendicular  from  the  origin  on  the  tangent  plane  to 
the  ellipsoid  of  gyration  at  the  point  x't/z'  where  it  is  met  by  the  momentum 
axis  It,  double  the  projection  of  the  triangle  formed  by  the  origin,  x'y'x',  and 
the  foot  of  p,  is 

p{x'  cos  0  -y'  cosa),     or     {a^  —  b"^)  cos  a  cos  P, 

and  double  the  area  of  the  same  triangle  is  Up  sin  (f> ;  therefore  by  Ex.  5,  7,  8, 
Art.  264,  we  have  the  required  result. 

13.  If  a  tangent  plane  be  drawn  to  the  ellipsoid  of  gyration  at  the  point 
where  it  is  met  by  the  axis  of  the  centrifugal  couple,  the  perpendicular  on  this 
tangent  plane  is  the  axis  of  the  rotation  produced  by  the  centrifugal  couple. 

Z',  M',  N'  being  the  components  of  the  centrifugal  couple,  and  5a>i,  5£W2, 
S6U3,  the  rotations  produced  by  it  considered  alone,  we  have,  from  Euler's  equa- 
tions, 

A^itii^L'dt,     Bdu2  =  M'dt,     CSuz  =  N'dt; 

but  these  equations  are  of  the  same  form  as  those  connecting  the  instantaneous 
axis  Math  the  components  of  the  couple  of  principal  moments  ;  therefore,  &c. 

It  follows  from  this,  that  the  axis  of  rotation  produced  by  the  centrifugal 
couple  is  at  right  angles  to  the  momentum  axis  ;  for  {see  Fig.,  Ex.  16)  if  OR  be 
the  momentum  axis ;  OF  the  instantaneous  axis  of  rotation ;  OE'  the  axis  of 
the  centrifugal  couple,  and  OP'  the  axis  of  the  centrifugal  couple  rotation  ;  OR' 
being  at  right  angles  to  OF  (Ex.  12),  is  conjugate  to  OF  :  hence  OF  is  parallel 
to  the  tangent  plane  through  F',  and  therefore  at  right  angles  to  OF'.  Also,  OF 
and  OF'  are  the  principal  axes  of  the  section  of  the  ellipsoid  made  by  their 
plane. 

14.  The  intercept  on  the  momentum  axis  cut  off  by  the  ellipsoid  of  gyration 
is  of  constant  length  (Ex.  8,  Art.  264). 

15.  The  motion  of  the  momentum  axis  in  the  body  consists  of  a  series  of 
rotations,  the  axis  of  each  rotation  being  at  right  angles  both  to  the  momentum 
axis  and  the  centrifugal  couple  axis,  and  the  magnitude  of  the  rotation  being 
equal  and  opposite  to  the  rotation  of  the  body  round  the  same  axis. 

The  centrifugal  couple  tends  at  each  instant  to  alter  the  position  of  the 
momentum  axis,  since  the  new  moment  of  momentum  is  the  resultant  of  the 
principal  couple  at  tlie  beginning  of  the  instant  and  the  momentum  produced  by 
the  centrifugal  couple  during  the  instant.  The  former  component  is  IT,  the  latter 
Hoo  sin  (pdt  (Ex.  12),  and  the  two  are  at  right  angles.  Hence  the  momentum 
axis  0/i  turns  towards  the  centrifugal  couple  axis  OF'  with  an  angular  velocity 
w  sin  <(>,  which  is  equal  and  opposite  to  the  angular  velocity  of  the  body  round 
OQ,  the  perpendicular  to  the  momentum  axis  and  the  centrifugal  couple  axis. 
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16.  The  axis  of  the  centrifugal  couple,  regarded  as  a  radius  vector  of  the 
ellipsc)id  of  gyration,  describes  areas  proportional  to  the  time  in  the  invariable 
plane  of  principal  moments. 


Let  OR  be  the  momentum  axis  and  ORf  the  centrifugal  couple  axis  at  any- 
instant.  Let  the  lengths  of  OR  and  OR',  regarded  as  radii  vectores  of  the  ellipsoid 
of  gyration,  be  R  and  r.  Describe  a  sphere  with  radius  R  round  0  as  centre, 
and  let  OF  and  OP'  be  the  positions  of  the  actual  axis  of  rotation  and  of  the 
axis  of  rotation  due  to  centrifugal  forces  at  the  instant.  Let  the  body  bo 
rotating  clockwise  round  OP.  At  the  end  of  the  time  dt  the  instantaneous 
axis  of  rotation  will  have  turned  towards  OP' ,  into  the  position  01. 

In  the  figure  the  line  OR  and  the  plane  at  right  angles  to  it  are  fixed  in 
space,  whilst  OP  and  01  are  consecutive  positions  in  space  of  the  instantaneous 
axis  of  rotation.  The  position  of  the  centrifugal  couple  axis  at  the  end  of  the 
time  dt  is  at  right  angles  to  the  plane  RIQ'.  If  du  be  the  angle  described  by 
this  axis  in  the  time  dt,  dv  =  QOQ' .  If  w'  be  the  angular  velocity  produced  in 
the  time  dt  by  the  centrifugal  couple,  we  have  (Ex.  12  and  13,  and  Ex.  6, 
Art.  264) 


whence 


but 


mci)  p'r  =  mca^pR  sin  (jydt ; 

(cRp  sin  (p  dt      «'       sin  PI      sin  PI    sin  IR 
rp'  CO      sin  P'l     sin  IR  '  sin  PI 

dv  sin  RP  _  dv  sin  (f> 

~  sin  P'PQ  '  sin  P'P  ~    cos  </>'   ' 

p'  =  r  cos  ^',    and    p  =  R  cos  (p  ; 


whence,  finally, 


r2  dv  =  0)^2  cos  (p  dt 


and  as  R  and  w  cos  <p  are  each  constant,  the  theorem  is  proved.  It  is  to  be 
observed  that  it  follows  from  the  equations  of  Ex.  13  above,  and  Ex.  5,  Art.  264, 
that  the  angles  ^6>Pand  R'OP'  are  each  acute. 
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Another  mode  of  proving  the  theorem  contained  in  this  example  is  as 
follows : — 

w'      dv  sin  <p 


As  before, 


cos^ 


dv   b)  sin  <f> 
dt    cos(^'' 


therefore 

Again,  from  Exs.  12  and  13,  we  readily  see  that 


a>'      8  tan  <p  cos  <p'        8  tan  <p 


dt 


mp 


mr^  cos  <p 


■,  since  p  =  r  cos  0 


Hence,  equating  these  values  of  —,  we  get 


dv 
dt 


-—  =  —    by  (9),  Art.  264. 

mo)  cos  <p       m 


17.  To  determine  the  position  of  the  body  in  space  at  any  time. 

The  line  in  the  body  which  at  a  given  time  coincides  with  the  momentum 
axis  is  known  from  Art.  269.  If,  then,  we  make  this  line  of  the  body 
coincide  with  the  momentum  axis  (whose  position  in  space  remains  unaltered), 
and  then  turn  the  body  through  the  proper  angle  round  this  axis,  the  position 
of  the  body  in  space  is  determined. 

To  effect  the  latter  part  of  the  determination,  we  consider  the  position  in 
space  of  the  line  OQ,  which  is  at  right  angles  to  the  momentum  axis  and  the 
axis  of  the  centrifugal  couple. 

The  momentum  axis  OR  describes  a  cone  C  in  the  body,  and  it  is  easily  seen 
tliat  OQ  describes  the  reciprocal  cone  C.  The  position  of  the  momentum  axis 
in  the  body  being  known,  so  likewise  is  the  position  of  OQ,  the  corresponding 
edge  of  C";  and  if  we  can  determine  the  position  of  the  latter  in  space,  the 


problem  is  solved.  The  instantaneous  axis  of  rotation  OF  lies  in  the  plane  of 
OR  and  OQ  ;  and  the  angular  velocity  «  round  OP  is  equivalent  to  w  cos  <p  round 
OR,  andoj  sin^  round  OQ.  If,  then,  we  suppose  the  cone  C  rigidly  connected 
■with  the  body,  the  whole  motion  consists  of  the  rolling  and  sUding  of  the  cone 
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C  on  the  plane  of  principal  moments.  The  angular  velocity  of  sliding  is 
w  cos  <f> ;  and  if  de  be  the  angle  between  two  consecutive  edges  of  the  cone  C\  the 

velocity  with  which  OQ  turns  in  consequence  of  the  rolling  is  — .     Hence,  if 

the  cone  C  be  on  the  same  side  of  the  plane  of  principal  moments  as  OP,  the 
whole  angular  velocity  of  the  edge  round  OB  is 

de 
a  cos^  —  — . 
dt 

Thus,  if  the  rotation  round  OP  be  counter-clockwise,  «  cos  (p  will  be  from  R' to 
C  whilst  the  rolling  round  OQ  will  bring  an  edge  into  contact  with  the  plane 
of  principal  moments  which  is  nearer  to  0R\  and  this  will  impart  an  angular 

velocity ^  to  the  edge  of  C"  which  is  in  the  plane  of  principal  moments.  We 


can  arrive  at  the  same  result  in  another  way,  by  considering  the  motion  of  the 
cone  C  regarded  as  rigidly  attached  to  the  body.  The  rotation  round  OQ 
(supposed  counter-clockwise)  brings  the  line  OSi  consecutive  to  OR  into  the 
position  OR,  and  moves  the  next  consecutive  tangent  plane  of  C  in  a  direction 
parallel  to  OR'.  The  next  rotation  is  effected  round  a  line  at  right  angles  to 
OSi  S2,  which  is  therefore  nearer  than  OQ  to  OR' :  thus  the  motion  of  OQ,  in 
consequence  of  a  counter-clockwise  rotation  round  OQ,  is  clockwise.  On  the 
other  hand,  the  motion  of  OQ,  in  consequence  of  a  counter-clockwise  rotation 
round  OR,  is  likewise  counter-clockwise. 

Hence,  on  the  whole,  if  v  be  the  angle  described  by  the  line  at  right  angles 
to  the  momentum  axis  and  the  centrifugal  couple  axis  in  the  fixed  plane, 


jw  cos  (l)dt  -\—  dt. 
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Since  de  is  the  angle  between  two  consecutive  edges  of  the  cone  C", 

ds 

if  s  be  the  arc  of  the  spherical  conic  in  which  the  cone  C  meets  the  sphere  of 
radius  E  ;  whence,  finally, 

* 

V=  lt)t  COS(p  — — . 

it 

If  the  cone  C"  be  on  the  opposite  side  of  the  plane  of  principal  moments 
from  OP  and  OS,  or,  in  other  words,  if  the  curvature  of  the  cone  G  turned 
towards  OF  be  convex  instead  of  concave,  the  two  parts  of  the  motion  of  OQ 
have  the  same  sign,  and 

s 
V  =  (i}t  cos^  +  — . 
-ft 

The  former  case  occurs  when  E  is  less  than  the  mean  axis  of  the  ellipsoid 
of  gyration  ;  the  latter,  when  it  is  greater.  In  either  case  s  is  determined  by 
knowing  the  position  of  OQ  in  the  cone  C. 

In  order  to  facilitate  the  drawing  of  the  figures,  the  rotation  is  in  Ex.  16 
supposed  to  be  clockwise,  but  in  the  present  example  counter-clockwise. 

It  is  to  be  observed  also  that  in  the  figure  of  the  present  Example  the  angle 
QOQ'  represents  only  part  of  the  motion  of  OQ,  viz.  de,  while  in  the  figure  of 
Ex.  16  it  represents  the  whole  motion  dv. 

Examples  12  to  16  are  due  to  Mac  Cullagh. 

18.  The  normals  to  the  cone  described  by  the  instantaneous  axis  of  rotation 
intersect  the  ellipsoid  of  gyration  in  a  line  of  curvature. 

The  normal  to  the  plane  of  OP  and  OP'  (figure  of  Ex.  16)  is  conjugate  to 
OE  and  OE',  and  hence  passes  through  the  intersection  of  the  ellipsoid  of  gyra- 
tion with  the  confocal  a^  —  E^.     This  result  follows  also  from  Ex.  5. 

19.  Show  that,  if  u  and  (p  have  the  same  meaning  as  in  Ex.  16, 

dv       S       {AS-ir^){BS-II^)iCS- H'^)       , 
^  =  :ff  + AECSS-^ '"^  '^• 

Substituting,  by  (9)  and  Ex.  8,  Art.  264, 

O  TT-O 

«  COS  <j)  for  -— ,  P2  fQp  —      and  md^  for  A,  mb^  for  P,  mc^  for  C, 
M  mo 

the  equation  given  above  is  reduced  to 

(«2-P2)(J2_J22)(c2_ 


-—  =  ft)  cos 
dt 


..TIT.  dv  P2 

Now,  by  Ex.  16,  —  =  w  cos  ^  — ■ ; 

dt  r^ 

P2         ,  (a2_p2)(J2_^2)(c2_i22) 

also  -T  =  1  +  ^ o,o  o    ■  cot' <p, 

r*  a-*  6>2  c* 

as  may  be  thus  proved. 
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The  axes  of  a  central  section  of  the  quadric  a  are  parallel  to  the  normals 
to  the  two  confocals  through  the  extremities  of  the  semi-diameter  J)  conjugate- 
to  the  section,  and  («',  a"  being  the  semi-axes  of  the  confocals)  are  given  by 
the  equations 

i22  =  ^2  -  a'2,     r2  =  a2  _  «"2 

(Salmon's  Geometry  of  Three  Dimensions^  §  164).  Moreover,  if  r  be  the  axi» 
noi-mal  to  a"  of  the  section  conjugate  to  D  in  the  quadric  a',  the  direction  of  r' 
coincides  with  that  of  r,  and  the  magnitude  of  r'  is  given  by  the  equation 

r'2  =  a'2  -  a"2  =  yZ  _  7^2. 

Again,  ii  p'  be  the  perpendicular  on  the  tangent  plane  to  a\  which  is  parallel  to 
the  plane  of  D  and  r  or  r, 

J3'2  _  ^'2  cQg?  5j  ^  I'T,  0032^8  +  C'2  C0s2  -y  =  ^2  _  Jg2^ 

since  a'2  =  «2_722^     b'^  =  P  -  H^,     c"^  =  c^-R'^. 

Hence,  if  »f/  be  the  angle  between  D  and  the  direction  of  r  or  r',  we  have,  frouk 
the  quadric  a, 

T^'p"^  sin2»// 

and,  from  the  quadric  a', 

fl'2  J'2  c'2 
2)2=  . ,  • 

r'2y2  sin2t// ' 
and  therefore 

«^2^   (.2_^.)(,2_^2)(,2_^3)^  _^=C0t^^; 

,  „       „  i?2         ,         (^2  -  i22)  (^2  _  ^2)  (^  _  _H2) 

whence,  finally,        -^  -  1  =  ^^ ~-^ cot2  a. 

The  expression  given  in  this  example  for  -—  is  due  to  Poinsot. 

at 

20.  Determine  the  differential  equation  of  the  herpolhode  [see  Ex.  7). 

If  p  and  V  be  the  polar  coordinates  of  the  point  of  contact  of  the  momental 
ellipsoid  with  the  invariable  plane,  the  origin  being  the  foot  of  the  perpendicular 
on  it  from  the  fixed  point,  we  have 


\K  ^/KS  ,^       „^  ,        ^  dv       8   r        p^\ 

where      r  =  ^—  to,    p  =  --^-  (Art.  264),  and  —  =  —  (  1  +/*  -^  I 
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If  we  express  «  in  terms  of  p,  on  substituting  in  equation  (24),  Art.  269^ 
we  get 

S 


l=^-.-^J|[-4(^^^^^)][ 


A3--^b'+p2) 


[A3-|:b2+P^)]|. 


274.  Impact. — When  two  smooth  hodies  moving  in 
any  way  collide,  the  results  of  the  impact  are  obtained  in 
a  manner  precisely  similar  to  that  employed  in  Article  243. 

When  the  motion  is  wholly  unrestricted  there  are  thirteen 
unknown  quantities  and  thirteen  equations. 

If  A,  ju,  V  be  the  angles  made  by  the  common  normal  at  the 
point  of  contact  with  axes  fixed  in  space ;  R  the  whole  impulse 
of  the  mutual  normal  action  during  ihQ  first  period  of  impact ; 
p  and  ^;'  the  perpendiculars  on  its  line  of  action  from  the 
centres  of  inertia  of  the  two  bodies ;  a,  /3,  y,  a,  j3',  y  the 
angles  made  with  the  principal  axes  of  the  bodies  by  the  axes, 
of  the  couples  produced  by  jK  round  these  points  ;  twelve  of 
the  equations  mentioned  above  are 


SD^ff  =  B  cos  A, 
Tlv  =  B  cos  m, 
^fv  =  B  cos  V, 
Wm'  =-Bgo8X, 
50?  V  =-i2cosju, 
Wtv'=-  B  cos  V, 


Azji   =  Bp  cos  a 
B-suz  =  Bp  cos  j3 

Ct^s    =  Bp  cos  y 
A't^Ji  =  -  Bp'  COS  a 

J5V  =  -i?p'cos|3' 
OV  =  -  Bp'  cos  y 


,   >,     (46) 


where  t^t,  &c.,  are  the  changes  of  the  components  of  the  velo- 
city of  the  centre  of  inertia  of  the  first  body,  parallel  to  axes 
fixed  in  space,  produced  during  the  first  period  of  impact ;  cti, 
&c.,  the  changes  of  the  angular  velocities  round  the  principal 
axes  through  the  centre  of  inertia  produced  during  the  same 
period  ;  and  uf,  &c.,  have  similar  significations  for  the  second 
body. 

At  the  end  of  the  first  period  the  actual  components  of 
the  velocity  of  the  centre  of  inertia  of  the  first  body  are 
t#  +   xo,  &c.,   where  Xo  represents   the   component   of  this. 
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velocity  immediately  before  the  impact.  In  like  manner,  -zji  +  Qi 
is  the  actual  angular  velocity  round  the  first  principal  axis. 
We  can  then  write  down,  in  terms  of  tf  +  Xq,  oti  +  Qi,  &c.,' 
the  relative  normal  velocity  of  the  points  of  the  two  bodies 
which  are  in  contact.  Equating  this  relative  normal  velocity 
to  zero  gives  a  thirteenth  equation  ;  so  that  tf ,  -sji,  &c.,  become 
completely  known. 

If  X  be  the  component  of  the  final  velocity  of  th© 
centre  of  inertia  of  the  first  body  at  the  end  of  the  second 
period  of  impact,  and  cui  the  final  angular  velocity  round 
the  first  principal  axis,  &c.,  the  values  of  the  velocities  at 
the  end  of  the  impact  can  now  be  determined,  by  aid  of  the 
following  equations — 

X  -  x,y  =  (1  +  e)  tf,     a>i  -  Qi  =  (1  +  e)  OTi,  &o.,  1 

x'-  Xo  =  (1  +  e)  if,     (u/-  Q/=  (1  +  e)  w/,  &c.  ) 

Since  the  positions  of  the  two  bodies  are  not  sensibly 
altered  during  the  whole  period  of  impact,  it  is  to  be  ob- 
served that  throughout  this  period  any  lines  fixed  in  either 
body  coincide  with  lines  fixed  in  space. 

275.  Impulsive  Friction. — When  collision  takes  place 
between  two  rough  surfaces  we  can  investigate  the  motion 
according  to  the  principles  laid  down  in  Article  247. 

The  elementary  impulse  dF  of  friction,  at  each  instant  of 
the  impact,  is  to  be  resolved  into  two  components,  dP  and  dQ, 
along  two  tangents  through  the  point  of  contact  at  right 
angles  to  each  other.  At  any  instant  during  the  impact,  P 
represents  the  entire  impulse  in  a  given  direction  due  to  the 
action  of  friction  up  to  that  instant.  A  similar  remark 
applies  to  Q,  and  E  is  the  corresponding  impulse  due  to 
the  normal  reaction. 

If  at  any  instant  during  the  impact  u,  Vy  w  be  the  com- 
ponents, along  the  two  tangents  and  the  normal,  of  the 
relative  tangential  and  normal  velocities  of  the  points  of  the 
two  surfaces  which  are  in  contact,  u,  v,  w  can  be  expressed  in 
terms  of  the  velocities  of  the  two  centres  of  inertia  and  of 
the  angular  velocities  of  the  bodies  at  that  instant ;  they  are 
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therefore  linear  functions  of  P,  Q,  R.  If  slipping  take  place 
its  direction  coincides  witli  that  of  the  elementary  impulse  of 
friction,  and  therefore 


dP      u 

-—  =  -  ;    also 

dQ     V 


^  {dP' +  dQ')  =  fxdR. 


Initially  R  is  zero,  and  therefore  so  likewise  are  P  and  Q,. 
except  the  colliding  surfaces  be  perfectly  rough.  When 
R  =  Ri,  Sit  the  end  of  the  first  period  of  impact,  tv  =  0  ;  and 
if  Ri  be  the  value  of  R  at  the  end  of  the  whole  impact, 

^2  =  (1  +  e)  R,. 

If  the  surfaces  which  collide  be  perfectly  roughs  the  equa- 
tions «^  =  0,  ^;  =  0,  t^  =  0  enable  us  to  determine  Pi,  Qi,  Pi. 
Knowing  the  value  of  P2  we  can  find  P2  and  Q2  from  the 
equations  w  =  0,  ^  =  0,  which  hold  good  throughout  the 
impact. 

If  the  bodies  slip  on  each  other  in  the  same  direction 
during  the  whole  of  the  impact,  the  direction  of  dF  is  con- 
stant, and  we  may  take  dQ,  =  0,  dP  =  \idR.  Hence  Px  =  ixRxy 
Qi  =  0  :  these  equations,  with  lu  =  0,  determine  Pi ;  then 

P2  =  iu(l  +  ^)Pi. 
276.  Collision  of  Rougb  iSpheres. — If  a  homogeneous 
sphere  impinge  against  a  fixed  surface,  or  two  homogeneous 
spheres  collide  with  each  other,  by  taking  as  axes  of  cc,  y,  z 
parallels  to  two  tangents  and  the  normal  at  the  point  of  con- 
tact, at  any  instant  during  the  impact,  we  have 

:       -•        P       -•      _•         Q        1      1       R      '^ 


>    (48) 


X  = 

Xo  - 

W     ' 

=  2/0 

m' 

Z  = 

z»- 

'  m' 

X  = 

Xo  -\- 

^      ./ 
W    ^ 

=  ^0' 

4- 

,       2' 

=  i„' 

R 

Wl 

=  Gi 

^aQ 

Wz  = 

a>- 

aP 
I' 

(t>3 

=   ^3, 

r 
Wi 

=  Qi 

+  J., 

W2  = 

a/- 

a'P 

r ' 

W3 

=  a', 

where  a,  Tl,  and  /are  the  radius,  mass,  and  moment  of  inertia 
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round  its  diameter,  of  the  first  sphere  :  x,  &c.,  the  compo- 
nents of  the  velocity  of  its  centre,  wi,  &c.,  the  components 
of  its  angular  velocity :  Xq^  &c.,  and  12i,  &c.,  the  values  of 
these  components  immediately  before  the  impact :  and  a\  SSk\ 
<S;c.,  have  similar  significations  for  the  second  sphere. 

At  the  same  instant  the  velocities  of  the  points  of  the 
spheres  which  are  in  contact  are  given  by  the  equations 

X  =  X  -  r}(ji)z  +  ^t02,     x>  =  X  -  vfwi  +  Z'wz,  &c., 

where  5,  t?,  ^ ;  £',  »?',  T,  are  the  coordinates  of  the  point  of 
contact  relative  to  the  centres  of  the  two  spheres ;  and  the 
relative  velocities  u,  v,  w  are  then  determined  by  the  equa- 
tions u  =  X  -  x\  &o. 

Hence,  since  S  =  0,  r?  =  0,  2  =  «,  ^'  =  0,  »j'  =  0,  ^'  =  -  a\ 
substituting  for  x^  wi,  &c.,  their  values  given  by  (48),  we  have 

that  is         u  =  Uq  -  IP,     V  =  Vo  -  IQ,     w  =  Wo  -  nB, 
where  /  and  n  are  constants. 

Hence     du  =  -  IdP,     dv  =  -  IdQ,     —  =  -— :  ; 

dv      dQ 

but,  if  there  be  slipping,  we  have,  Art.  275, 

-—  =  -  ;  therefore    -r-  =  -,  and  accordingly  -  is  constant, 

dQ      V  dv      r  ^     v 

or  the  direction  of  slipping  is  invariable  throughout  the  impact. 
Moreover,  if  either  u  or  v  vanish  so  must  the  other.  All 
slipping  then  ceases,  and  cannot  recommence,  as  u  and  v 
are  independent  of  B,  and  friction  cannot  initiate  slipping. 
Since,  in  the  present  case,  Bi  is  independent  of  P  and  Q,  if 
there  be  no  slipping  at  the  end  of  the  impact  the  result  is  the 
same  as  if  there  had  been  no  slipping  at  all. 
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Hence,  in  all  cases,  either  the  impulse  of  friction  is  a 
maximum,  and  the  direction  of  slipping  the  same  throughout 
the  impact,  or  else  the  surfaces  may  be  regarded  as  perfectly 
rough. 

If  the  problem  be  solved  on  the  latter  hypothesis,  and  the 
value  resulting  for-v/C-Pa'^  +  Q^^)  does  not  exceed  /mil  +  e)  R^, 
the  solution  is  correct.  If  y/(P2^  +  Q%)  be  greater  than 
/u(l  +  e)  J2i,  slipping  takes  place  in  the  same  direction  through- 
out the  impact. 


Examples. 

1.  A  sphere,  having  no  original  velocity  of  rotation,  impinges  successively 
against  two  perfectly  rough  vertical  walls  at  right  angles  to  each  other,  the 
points  of  impact  being  so  near  the  intersection  of  the  walls  that  the  action  of 
gravity  between  the  two  impacts  may  be  neglected ;  determine  the  magnitude 
and  direction  of  the  velocity  of  the  centre  of  the  sphere  after  the  second  impact. 

Take  as  axes  of  ^,  17,  ^,  three  lines  through  _, 

the  centre  of  the  sphere  parallel  to  the  inter- 
sections of  the  walls  with  the  plane  of  the 
horizon  and  with  each  other.  Let  the  com- 
ponents of  the  velocity  of  the  sphere  before 
the  first  impact  be  V\,  F2,  Vz,  and  let  the 
sphere  impinge  first  against  the  plane  YO'Z'. 

At  the  first  impact  the  coordinates  |,  77,  ^ 
of  the  point  of  contact  are  given  by  the  equa- 
tions 

1  =  0,     7;  =  a,      C=0. 

Hence,  Art.  255,  (3), 

x  =  X  —  aws,    y  =  y,    z  =  z  +  ««i, 

where  x,  y,  z  are  the  coordinates  of  the  point  of  contact  referred  to  axes  meeting 
at  0. 

Again,  X,  Z  and  'R  being  the  entire  impulses  due  to  friction  and  to  the 
normal  reaction  up  to  the  end  of  the  first  period  of  the  collision,  we  have 

m^  =  wri  +  Z,     »ny  =  w«F2  +  jR,     mz-mYz-^  Z^ 


Hence 


fma2ft,i=a^,     ft>2=0,     \ma^(iiz  =  -  aX,    x=0,     y  =  0,     2  =  0. 


At  the  end  of  the  second^  period  of  the  collision  five  of  the  six  velocities 
above  remain  unaltered,  but  y  becomes  —  eV^. 

At  the  second  impact  the  coordinates  of  the  point  of  contact  are 

|  =  «,     ,7  =  0,     i  =  0. 


y  =  y  +  ««3,    z=z  —  au2. 
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Also,  as  has  been  proved  above, 

Proceeding  as  before,  since  y  =  0,  z  =  0,  we  obtain 

2.  In  the  last  example,  if  the  walls  be  not  perfectly  rough,  determine  the 
final  velocities  of  translation  and  rotation. 

We  first  treat  the  question  as  before,  and  obtain,  as  in  the  last  example,  at 
the  first  impact, 

l(X2  +  Z2)=-^^(Fi2+F32);  ifthen/i{l+^)F2>fV(Fi2  4-r32) 

we  may  assume  there  is  no  slipping ;  but  if  this  condition  is  not  fulfilled  slipping 
takes  place,  and  the  maximum  amount  of  friction  is  exerted.  In  this  case  at 
the  end  of  the  first  impact, 

^=  Fi-/i(l  +  e)rtcoso,     i/  =  -eV2,     z=V3-iJ.{l  +  e)V2ain.a, 

««!  =  — f/i(l +e)F2sina,     a)2=0,     aw3  =  f /t(l +e)  F2C0S  a, 

where  tan  a  =  -r- . 
yi  . 
The  values  of  ^,  &c,,  a>i,  &c.,  at  the  end  of  the  first  impact  are  the  values 
of:ro,  &c.,  Xii,  &c.,  at  the  second  impact.     If  slipping  takes  place  during  the 
whole  of  the  second  impact,  we  have  finally 

^  =  -  g{Fi  -  /*{!  +  e)V2  cos  a}, 

y  =  -eVz  -  /*(!  +  e){Vi  -/*(!  +  ^)F2  cos  a}  cos)3, 

2  =  F3  -  fjt.{l  +  e){  F2  sin  a  +  Fi  sin  j3  -  /t(l  +  ^)  F2  cos  a  siniS}, 

aZJi  -  0,     azsi  =  |/x  (1  +  «)  {  Fi  -  a*  (1  +  ^)  ^2  cos  0}  sin  ^8, 

azsz  =  - |/a(1  +  e)  {  Fi  -  A*  (1  +  ^)  ^2  cos  a}  cos i8, 

aoii  =  -  |/i(l  +  e)  Vi  sina, 

00)2  =  1/^(1  +  e){Vi  -  ti{\  +  #)F2  cos  a}  sin  ;3, 

«W3  =  a  M  (1  +  ^){  ^2  cos  a  [1  +  iw  (1  +  e)  cos  /8]  -  Vi  cosjS}, 

.       o      2{F3-M(l+e)r2sinft} 
where  iu^  ^  =  6,.(1  +  .)F2  cos«- 2.F2  * 
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277.  Equations  of  motion  referred  to  Body-^xes. 

— If  u,  Vf  iv  be  the  components  of  the  velocity  of  the  centre 
of  inertia  at  any  instant  in  the  directions  of  the  principal 
axes  of  the  body  at  that  point,  the  accelerations  of  the  centre 
of  inertia  in  these  directions  are,  by  Art.  257, 

^^'  .  J? 

— -  -  vtjjz  +  ww2,  &c. ; 

at 

whence,  if  SZ,  SF",  SZbe  the  sums  of  the  components  of  the 
applied  forces  at  any  instant,  parallel  to  the  principal  axes 
through  the  centre  of  inertia,  its  equations  of  motion  are 

9)?  j—  -  Vu)z  +  Wuyzi  =  SZ 

m{^-Wio,+  uu>^U^Y    L  (49) 

278.  motion  consisting  of  Successive  Rotations. — 

If  the  whole  motion  of  a  body  consist  of  successive  rotations 
(not  necessarily  executed  round  lines  passing  through  the 
same  point),  the  vis  viva  at  any  time  is  Ito^,  where  /  is 
the  moment  of  inertia,  and  w  the  angular  velocity  round  the 
instantaneous  axis ;  hence 

I(o^  =  2S  {{Xdx  +  Ydy  +  Zdz)  +  const. ; 

therefore  ^,  (Jo;^)  =  2S  (x^+  F^  +  z| 

dt^      '  \     dt         dt        dt 

Let  p  be  the  perpendicular  on  the  instantaneous  axis  from 
the  point  x,  y,  z\  and  let  the  direction  of  the  motion  of  this 
point  make  angles  a,  /3,  y  with  the  axes ;  then 

dx  dy  ^      dz 

—  =  poj  cos  a,  —  =  pto  cos  p,  —  =  pu)  cos  7 ; 

at  at  at 

2C 
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whence  —  (iw^)  =  2wS^  (X  cos  a  +  F  cos  j3  +  -^  cos  7  ; 
dt 

but  (X  cos  a  +  F  cos  j3  +  Z  cos  y)p 

is  the  moment  of  the  force  applied  at  the  point  x,  y,  z  round 
the  instantaneous  axis.  Hence,  if  J  be  the  moment  of  the 
entire  system  of  applied  forces  round  the  instantaneous  axis, 
we  get 

or  ^-^(W)  =  2J.  (50) 

If  the  body  be  such  that  the  moments  of  inertia  round 
the  different  instantaneous  axes  are  equal,  this  equation  takes 
the  simple  form 


Examples. 

1.  A  homogeneous  sphere,  having  an  initial  angular  velocity  round  a  hori- 
zontal axis,  is  projected  along  a  rough  horizontal  plane :  determine  the  motion, 
neglecting  the  couple  of  rolling  friction.   (Jellett,  Theory  of  Friction,  Chap.  V.). 

The  axes  heing  three  mutually  perpendicular  lines  through  the  centre, 
whose  directions  are  fixed  in  space,  equations  (17)  of  Art.  267  become  for  a 
homogeneous  sphere  whose  radius  is  r, 

where  L,  M,  N  are  the  moments  of  the  forces  round  the  axes. 

Let  X  and  Y  be  the  components  of  friction  along  two  horizontal  axes,  x  and  y 
the  coordinates  of  the  centre  of  the  sphere,  u  and  v  the  components  of  the  velo- 
city of  its  point  of  contact  with  the  rough  plane  ;  then,  by  Art.  255, 

dx  dy 

u  = r<tf2,     V  =  ^  +  rwi. 

dt  at 


The  equations  of  motion  are 
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Combining  the  first  and  last  of  these,  we  have 


In  like  manner 


du      d^x        dwz      y  X 

dt'^di^~'^~dr^^m' 


dv      ,¥         ,  du      X 

-  =  {^,    whence -  =  -. 


Now  if  there  be  slipping, 

^««^  _,^v  X      u 

X  =  -  fMg  y     Y  =  -  fx^g  ;     .-.—  =  -; 

whence  -  =  constant  =  cot  o  =  — ,  where  Fi,  F2,  iii,  Cii  are  the  initial 

values  of  —  ,     -7-,     a>i,  and  wg.     Hence 
dt       dt 

X  =  —  luMg  cos  a,     Y=  -  fxMg  sin  o. 

These  are  the  components  of  a  constant  force  in  a  fixed  direction.  Hence  in 
general  the  centre  of  the  sphere  describes  a  parabola.  If,  however,  the  initial 
axis  of  rotation  be  perpendicular  to  the  direction  of  the  initial  motion  of  the 
centre,  i.e.  if  ViO.\-\-  V%Clz=0,  the  centre  of  the  sphere  continues  to  move  in 
the  direction  of  its  initial  motion. 

Substituting  the  values  of  X  and  Y  in  the  equations  of  motion,  we  find  that 

2  ( Fi  -  rClz) 
slipping  ceases  along  the  axis  of  x  when  t  = ,  and  along  the  axis  of  y 

when  t  =  -^ : ;  but  —. = ,  hence,  slipping  along  each  axis 

7 fig  sm  a  sm  a  cos  o 

ceases  at  the  same  time,  ^0,  where 

,       2V{(Fi-rn2)2+(F2  +  rni)2} 
My 

After  pure  rolling  begins  it  will  continue,  since  the  values  which  X  and  Y 
must  take  in  order  to  maintain  it  are  zero ;  the  components  of  the  velocity  of 
the  centre  are  then  given  by  the  equations 

dx  _  5 Fi  +  2rn2       dp  _  bVi-lrClx 
It'  7         '    dt~  7        ' 

and  the  remainder  of  the  path  is  a  straight  line.  If  fi  be  the  angle  which  the 
final  line  of  motion  of  the  baU  makes  with  the  axis  of  Xy 

tan  i8  =  rr? 7i • 

5  Fi  +  2rn2 

The  result  here  obtained,  that  the  centre  of  the  sphere  may  describe  a 
parabola,  enables  us  to  explain  a  well-known  phenomenon  in  billiards,  which 
may  be  stated  as  follows  : — 

The  angle  at  which  the  striker' shall  goes  off  the  ball  aimed  at,  in  order  to  make 
a  cannon,  seems  to  be  less  according  as  the  distance  of  the  third  ball  is  greater. 

2C2 
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Let  A  be  the  striker's  ball,  B  the  ball  first  struck  by  ^.  If  -4  be  struck  in 
the  ordinary  way,  without  side,  it  will  have,  when  it  strikes  B,  a  rotation 
round  a  horizontal  axis  CR  at  right  angles  to 
SC,  the  line  of  original  motion.  This  rotation 
will  continue  round  the  same  axis  after  im- 
pact. Suppose  the  motion  of  translation  after 
impact  to  be  in  the  direction  CT,  then  CR  not 
coinciding  with  CR\  the  horizontal  line  per- 
pendicular to  C2\  the  path  described  by  the 
ball  is  the  parabolic  arc  GPP' .  Hence,  if  P' 
be  more  remote  than  P,  PCS'  is  greater  than 
P'CS'. 

It  is  well  known  that  a  skilful  billiard 
player  can  make  a  ball  describe  a  very  marked 
curve.  This  is  done  by  an  impulse  having 
a  vertical  componerd  which  imparts  a  rotation 
round  the  line  of  original  translation  of  the 
centre. 

If  the  original  impulse  be  horizontal  it 
produces  no  moment  round  a  line  through 
the  centre  parallel  to  itself,  and  this  latter 
being  the  original  line  of  translation  of  the 
centre,  there  can  be  no  rotation  round  it; 
hence  in  this  case  the  ball  must  move  in  a  straiglit  line. 

2.  A  sphere  rolls  along  a  rough  horizontal  plane.  Taking  into  account  the 
couple  of  rolling  friction  determine  the  forces  brought  into  play  and  the  path 
described,  the  motion  being  pure  rolling. 

The  equations  of  motion  are 


««  <^'^      ,. 
^^=^' 


^'^-^ 


at  '  w  at 


(i>2 

:  -  rX  -fmg  -^  ^here  a,  =  V^JImW 


with  the  conditions 


—  -  r«2  =  0,    —  +  r«i  =  0, 

dt  dt 


whence 


X  = 


r  o) 


J 


-  oi 

&J2 


Hence  the  path  is  a  straight  line.     Multiplying  the  third  equation  of  motion  by 
a>i,  the  fourth  by  W2,  and  adding,  we  have 


whence  r«  =  -  |  ^  ^  +  rd, 

a  being  the  initial  angular  velocity. 


Examples.  389 

7r2n 
The  sphere  will  come  to  rest  when  t  =  ——- . 

Again,  multiplying  the  third  equation  of  motion  by  coa,  the  fourth  by  «i,  and 

subtracting,  we  have  a>2^«i  —  «i<5?a>2  =  0.     Hence  —  =  constant  =— tan  o,  where 

a.  is  the  angle  which  the  path  makes  with  the  axis  of  x. 

3.  A  sphere  is  projected  obliquely  down  a  rough  inclined  plane,  the  motion 
being  pure  rolling  ;  determine  the  friction  brought  into  play,  and  the  path,  neg- 
lecting the  couple  of  rolling  friction. 

Take  as  axis  of  x  the  intersection  of  the  inclined  plane  with  a  vertical 
plane  at  right  angles  thereto. 

The  equations  of  motion  are 

with  the  conditions  —  —  rui%  =  0, f-  r«i  =  0  ; 

at  at 

whence  r=  0,     Z  =  -  f  3«^  sin  i. 

The  whole  force,  therefore,  is  f  3K^  sin  i  parallel  to  the  axis  of  a;,  and  the 
centre  of  the  sphere  being  acted  on  by  a  constant  force  parallel  to  a  fixed  direc- 
tion, describes  a  parabola.     Also,  since 

dx  dy 

the  instantaneous  axis  of  rotation  is  at  right  angles  to  the  tangent  to  the  path 
of  the  point  of  contact  on  the  inclined  plane.  This  is  otherwise  immediately 
obvious,  since  the  motion  is  pure  rolling. 

279.  Equations  of  motion  of  a  Solid  of  Revolu- 
tion.— If  one  point  0  of  a  rigid  body  be  fixed  in  space,  and 
two  of  the  principal  moments  of  inertia  at  the  point  be  equal, 
the  equations  of  motion  of  the  body  can  be  expressed  in  a 
comparatively  simple  form. 

Let  00  (Art.  258)  be  the  axis  of  revolution  of  the 
momental  ellipsoid  of  the  body,  and  A  and  O  its  principal 
moments  of  inertia  at  0,  then,  by  considering  the  motion  of 
a  point  situated  on  00,  it  is  plain  that  the  angular  velocity 
of  the  body  round  an  axis  OS  perpendicular  to  00  in  the 
plane  ZOO  is  i//  sin  Q,  and  the  moment  of  momentum  round 
OS  is  therefore  A-\p  sin  Q.    Hence 

E,  =  A^  sln=  0  +  Cw3  cos  0.  (52) 
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Again,  the  angular  velocity  of  the  body  round  0^  perpen- 
dicular to  the  plane  ZOC  is  6,  and  therefore  we  have 

2r  =  A  {4,'^m'  0  +  6^)  +  Cw,\  (53) 

If  Gx,  Gy,  Gz  be  the  moments  round  the  space-axes  of  the 
applied  forces,  and  Y  the  force  function,  we  have  then,  as  the 
three  equations  of  motion  of  the  body, 

^  {Ai^m'Q^  Cw^GOsO)  =  Gz 

A  («A'sin=^  0  +  6^)  +  Ca>3'  =  2Y  +  constant 


V.  (54) 


0  -~  =  iV  =  sin  0  {Gx  cos  ij/  +  Gy  sin  «A)  +  Gz  cos  0 


We  may  if  we  please  substitute  (h  +  tJjqos  0  for  tos  in  (52)  ^ 
(53),  and  (54).  ^ 

Equations  similar  to  (54)  hold  good  for  a  free  body  if 
two  of  its  principal  moments  of  inertia  at  its  centre  of  inertia 
be  equal.  In  this  case  OZ  is  a  parallel  through  the  centre 
of  inertia  to  a  line  fixed  in  space. 

Examples. 

1 .  A  homogeneous  solid  of  revolution  terminating  in  a  cone  is  placed  with 
the  vertex  of  the  cone  on  a  perfectly  rough  horizontal  plane,  the  initial  condi- 
tions being  given,  find  the  equations  of  motion. 

Here  the  vertex  of  the  cone  is  the  fixed  point  0 ;  and  if  a  vertical  line 
through  0  be  taken  as  the  space-axis  OZ,  since  gravity  is  the  only  force,  Gz 
and  iV  are  each  zero.  Then  by  (54)  we  have  «3  =  constant  =  w,  and  therefore 
the  first  two  of  equations  (54)  become 

Arp  sin2  e+Cncoae  =  K,    A  («^2  sin2  0  +  02)  +  ^^2  =  ^  _  2mgh  cos  d,     {a) 

where  h  is  the  distance  of  the  centre  of  inertia  from  0. 

If  we  take  a  point  P  on  00  the  axis  of  revolution  at  a  distance  I  from  0 
such  that  mhl  =  A,  this  point  P  is  the  centre  of  oscillation  of  the  body  for  an 
axis  perpendicular  to  ZOC.  Assuming  Kl  =  Cna,  and  {H  -  Cn^)  I  =  2mghb,  we 
have,  then,  to  determine  the  motion  of  F  the  equations 


mhPij/siTi?d  =  Cn{a  —  I  cos 
^2(;^2sin20  +  02)=  2ff 


-loose)        )  ^^j 

(A -/cose)   j 
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2.  Give  a  geometrical  construction  for  the  velocity  of  P  in  any  position. 
Take  on  OZ  two  points  D  and  F  such  that  OD  =  a,  0F=  b,  and  let  x  he  the 

angle  which  FI)  makes  with  the  plane  of  the  horizon,  then  at  any  instant  the 
velocity  of  F  is  that  due  to  the  depth  of  F  below  the  horizontal  plane  through 
F,  and  the  component  of  this  velocity  perpendicular  to  the  plane  ZOO  is 

Cn  ^ 
mh        "^ 

3.  Show  that  the  motion  of  the  axis  of  revolution  may  be  represented  by 
that  of  the  conjugate  line  (Art.  270)  in  a  body  not  acted  on  by  any  force. 

The  equations  of  motion  of  06'  in  Ex.  1  are  of  the  same  form  as  those  of 
the  conjugate  line  in  Ex.  3,  Art.  270,  and  by  properly  determining  the  dis- 
posable constants  in  the  latter  they  may  be  made  identical  with  the  former. 

This  theorem  was  first  given  by  Jacobi,  but  the  mode  of  investigation  here 
adopted  is  due  to  Dr.  Eouth. 

4.  Determine  the  limits  of  the  inclination  of  the  axis  of  revolution  to  the 
vertical. 

Eliminating  ;^  from  equations  {b)  of  Ex.  1  we  obtain 

^^-^^(— )-e)'r-^r-     <«> 

Now  when  0  attains  its  limiting  value,  0  =  0,  and  therefore  to  determine  the 
limiting  values  of  6  we  have  the  equation 

2^2^(J-^cos0){l-cos2  0)-C2«2(«-;cos0)2  =  i?'(cos0)  =  O.       (h) 

From  equation  (a)  it  is  plain  that  F  cannot  be  negative  for  any  value  of  9 
attained  in  the  actual  motion  of  the  body.  Hence,  if  i  be  the  initial  value  of 
0,  F  is  positive  or  zero  when  cos  0  =  cos  i.  Again,  it  is  easy  to  see  that  F  is 
negative  for  cos  0  =  —  1,  or  cos  0  =  1,  and  positive  for  cos  0  =  oo  .  We  con- 
clude that  the  equation  F  (cos  0)  =  0  has  three  real  roots,  two  between  —  1 
and  +  1,  and  one  between  +  1  and  oo  .  This  last  root  is  an  impossible  value  for 
cos  0.  In  general,  then,  the  angle  0  oscillates  between  two  limiting  values 
oi  and  o2,  one  less  and  the  other  greater  than  the  initial  value  i.  That  this 
oscillation  should  be  possible,  it  is  necessary,  however,  that  F  should  vanish 
before  any  point  of  the  body  above  the  point  of  support  comes  into  contact  with 
the  horizontal  plane.  If  )3  be  the  value  of  0  for  the  position  in  which  such 
contact  takes  place,  in  order  that  an  oscillation  should  be  possible,  i^(cos  ^)  must 
be  negative,  and  therefore 

C^n^  {a  -  I  cos  ^f  >  2A'^g  {b  - 1  cos  )8)  sin^^S.  (o) 

In  terms  of  the  original  constants,  Z'and  F,  this  condition  becomes 

{A  sin2)8  +  C  cos^jS)  Cn^  -  2KCn  GOSfi>A  {F-  2mgh  cos  j8)  sin2i8  -  K^,     (d) 

5.  Show  that  the  character  of  the  oscillating  motion  depends  on  the  relative 
magnitudes  of  a  and  b. 
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If  in  equation  [a)  Ex.  4,  we  make  I  cos  9  =  a,  we  get  Pe"^  =  2g{b  —  a). 

If  a  be  less  than  b  this  gives  the  value  of  Q  when  ;/^  =  0  ((^)  Ex.  1.)  In 
this  case  the  angular  motion  of  the  plane  ZOC  changes  its  direction  at  the 
point  corresponding  to  «  =  /  cos  6. 

Again,  id  a>  b,  the  relation  a  =  1  cos  9  leads  to  an  imaginary  value  for  d, 
and  consequently  ■^  cannot  vanish  during  the  motion.  Hence  in  this  case  the 
axis  00  rotates  constantly  in  one  direction  round  the  vertical  line  OZ. 

6.  Determine  in  any  particular  case  of  the  motion  whether  a  or  b  is  the 
greater. 

K      E-Cn^ 
If.>J,  then,byE..l.;    ^„>^-j-. 

7.  If  the  axis  of  revolution  rotate  constantly  in  one  direction  round  the 
vertical,  and  if  -^q  be  the  value  of  ^  which  corresponds  to  either  the  greatest  or 

.        2mgh 
least  value  of  d,  prove  that  ^^q  <  —-^ — . 

8.  Find  the  conditions  which  must  be  fulfilled  in  order  that  the  motion  of 
00  should  be  steady. 

In  this  case,  if  it  can  occur,  the  inclination  of  OC  to  the  vertical  and  the 
angular  velocity  of  the  plane  ZOO  are  constant.  If  we  eliminate  B  between  the 
two  equations  obtained  by  differentiation  from  (a),  Ex.  1,  we  get 

A'e  =  A^^  sin.  0  cos  0  -  On^  sin  9  +  mgh  sin  9.  (a) 

Hence  if  Q  =  0,  we  have 

sin  e  {A^"^  cos  d  -  Onrp  +  mgh)  =  0.  (b) 

If  sin  6  =  0,  we  have  0  =  0.  In  this  case  the  axis  is  vertical  throughout 
the  motion.     Again,  if 

A  cos  0^^  -  Cn^  +  mgh  =  0, 

On  ±  V(0^n^  -  AAmgh  cos  0) 

we  obtain  ^  = r-j . 

2 A  cos  e 

If  then  i  the  initial  value  of  B  fulfil  the  condition 
(j2  ^2  ->  4Amgh  cos  t, 

and  if  likewise  initially  0  =  0,  and 

On  +  \/(C2  w2  -  4:Amgh  cos  i)  .  . 

^  — 7n '■ »  ^^' 

2A  cos  4 

all  the  successive  differential  coefficients  of  6  and  \j/  must  vanish  initially,  as 
readily  appears  from_  the  expression  for  6  and  the  first  of  equations  (a),  Ex.  1, 
and  therefore  6  and  ^  remain  constant,  and  the  motion  is  steady. 

9.  Prove  that  if  the  motion  be  not  steady  initially  it  cannot  become  so  sub- 
sequently. 

In  order  that  the  motion  should  become  steady  it  would  be  necessary  that 
6  and  6  should  vanish  simultaneously.  6  is  given  in  terms  of  6  by  equation  («), 
Ex.  4,  which  is  of  the  form  kB'^  sin'-^a  =  i^(cos  9),  where  k  is  constant.     If  we 
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differentiate  this  equation,  divide  both  sides  by  d  sin  9,  and  then  make  0  and  6 
each  zero,  we  obtain  F'  (cos  Q)  =  0.  Hence  if  d  and  9  vanish  together,  the  equa- 
tion jP(cos  0)  =  0  must  have  equal  roots.     Now  (Ex.  4), 

i^(cos  e)  =  lA'-gl  (cos  0  -  cos  a\)  (cos  0  -  cos  02)  (cos  0  -  A), 

where  A  is  always  greater  than  1.  Hence  if  the  equation  J^(cos  Q)  =  0  have 
equal  roots,  we  must  have  01  =  02,  and  as  B  in  the  actual  motion  always  lies 
between  01  and  ao,  the  double  root  must  be  cos  i,  where  i  is  the  initial  value 
of  Q.  Consequently,  if  the  motion  be  not  steady  originally  it  can  never  become 
so. 

10.  A  peg-top  is  set  spinning  on  a  rough  plane,  determine  the  motion. 

In  this  case  the  only  initial  motion  is  a  rotation  round  (5(7,  and  therefore, 
if  i  be  the  initial  value  of  6,  we  have 

K=  On  cos  i,     E  -  Cn^  =  Imgh  cos  i. 

Hence  a  =  *  =  ^  cos  i,  and  equations  (J)  Ex.  1,  become 

mhl^  sin^e  =  Cn  (cos  i  -  cos  Q\    l{^'^  sin^e  +  Q"-)  =  1g (cos  i  -  cos  0) .     {a) 

The  latter  equation  shows  that  cos  i  >  cos  6,  and  therefore  that  ^  has  the 
same  sign  as  n.  Hence  the  rotation  of  the  top  round  its  axis  is  in  the  same 
direction  as  the  rotation  of  the  latter  round  the  vertical  through  the  point  of 
support. 

Again,  if  we  put  G^n^  =  ivmghA  =  'kvm^gh'^  I,  equation  {b),  Ex.  4,  becomes 

(cosi  -  cos  0)  {1  -  1v  cos  e  +  2j/  cos  0  -  cos^fl}  =  0.  {b) 

Hence  0  =  i  or  i',  where  i'  is  determined  by  the  equation  sin^i'  =  2v  (cos  i  —  cos  i'), 
and  e  oscillates  between  its  least  value  i  and  its  greatest  value  i\  provided  i'  <  j3, 

that  is  2v  >  ^ -.    It  is  plain  that  the  latter  equation  is  what  Ic)  Ex.  4 

cos  ^  -  cos  )8  ^ 

becomes  in  the  present  case. 

1 1 .  Show  that  steady  motion  is  impossible  in  the  case  of  a  top,  except  the 
initial  position  of  its  axis  be  vertical. 

12.  Investigate  the  small  oscillations  of  the  axis  of  a  top  about  its  mean 
inclination  to  the  vertical. 

We  have  seen  that  ii  v  ox  n  fulfil  the  condition  given  at  the  end  of  Ex.  10, 
B  vanishes  when  d  =  i,  and  also  when  d  =i' .  At  some  position  of  the  axis  of 
rev9lution  intermediate  between  these  two  Q  =  0.  H  zs  and  a  be  the  values 
of  ^  and  0  corresponding  to  this  position,  we  have 

-^-SJ-cos  a  —  Cnzs  +  mgh  =  0  ) 

Ath  sm^a  +  Cn  cos  o  =  (7w  cos  i     ) 

The  motion  would  now  be  steady  if  0  were  zero.  "We  have  seen  that  this  is 
impossible ;  but  as  Q  is  now  of  the  opposite  sign  to  Q  the  axis  of  the  top  will 
oscillate  about  this  position,  provided  e  is  small. 
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To  determine  these  oscillations,  let  <^  =  ■z*^  +  cr,  0  =  o  +  e.  Then,  o*  and  e 
being  small,  by  substituting  in  {a)  Ex.  8,  and  in  the  first  of  equations  («)  Ex.  1, 
we  have 

A—  =  {  Atd"^  (cos'a-sin^o)  +  {mffh  -  Cnw)  cos  o}  €  +  {2Az3  sina  cos  a-Gn  sin  a)<r, 

Act  sin^a  +  sin  a  {2Az!j  cos  a  -  Cn)  6  =  0. 

Substituting  for  mffh  -  Cn"^  its  value  given  by  {a),  we  get  from  the  first  of 
these 

A  -^  +  ^CT^g  sixi^fi  =  (2^137  cos  a  -  Cw)  o*  sin  o ; 

but  from  the  second  we  have 

Aff  sin  a  =  {Cn  —  2Az5  cos  a)  e, 
whence,  eliminating  o",  we  obtain 

<?2e      ^2OT2gin2a  +  {2^t7C0Sa- C7«)2 

^  + :z^  '-^' 

and  therefore  €=j  sin  (^^  +  7),  where  j  and  7  are  arbitrary  constants,  and  yu  is 
given  by  the  equation 

A'^fx^  =  A^  zf'  sin^a  +  (2Az5  cos  a  -  ^w)2. 

From  the  expression  for  0"^  given  by  (a)  Ex.  4,  it  is  easy  to  see  that  by 
properly  determining  n,  we  can  make  0  small  throughout  the  motion,  and  thus 
the  condition  requisite  for  a  small  oscillation  can  be  secured.  ^,«. 

13.  Find  the  vertical  pressure  on  the  plane  on  which  the  top  is  spinning. 
If  z  be  the  vertical  coordinate  of  the  centre  of  inertia  of  the  top,  and  P  the 
vertical  force  exerted  on  the  top  by  the  plane,  we  have  F—mg-\-  mz;  but 


z  =  t 


-r[-r\   =4^-; sine—) 

dz  \dt  J        ^     dcoBO  \  dt } 


and  from  [a)  Ex.  4  and  Ex.  10,  we  have 

sin20 9'  =  -r  (cos  i  -  cos  0)  { 1  -  2y  cos  i  +  2j/  cos  0  -  cos^d} . 

Hence        P=mg  j  1  +  -  (3  cos-0  -  2  (cos i  +  1v)  cos  0  +  41/  cos  i  -  1)  j . 

14.  A  solid  of  revolution,  having  a  great  angular  velocity  round  its  axis,  and 
terminated  by  a  spherical  surface  of  small  radius,  is  placed,  with  its  axis  inclined 
to  the  vertical,  on  a  rough  horizontal  plane.  The  moment  of  inertia  round  the 
axis  of  revolution  being  not  less  than  that  round  an  axis  perpendicular  thereto, 
and  the  distance  of  the  centre  of  inertia  from  the  lower  end  being  considerable, 
show  that  after  some  time  the  axis  of  revolution  will  become  vertical.  (JeUett, 
Theory  of  Friction y  Chapter  VIII.) 
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Let  the  axis  of  s  tlirougli  the  centre  of  inertia  0  be  vertical,  and  let  OC  be 
the  axis  of  revolution,  which  must  pass  through  S,  the  centre  of  the  terminating 
spherical  surface.     Accordingly  the  point  of  contact  T  lies  in  the  plane  ZOS. 

The  forces  acting  on  the  body  are  gravity,  and  the  resultant  of  the  normal 
reaction  and  friction  at  T.     The  friction  may  be  re- 
solved into  two,   one  along    TZ\  the  other  at  right 
angles  to  the  plane  ZOC.     Calling  this  latter  com- 
ponent F,  and  putting 

TS^Uy     SO  =  6,     ZOC=B, 

the  moments  of  the  applied  forces  round  OZ  and  00 
are  respectively 


Fb  sin  0,  and 
Hence,  by  (54), 
d 
dt 


Fa  sin  0. 


also. 


lAQiv?e^+  Cm  cos  a  j  =  Fb  sine, 
Fa  sin  6 ; 


dt 


therefore  dt   (^  sin^drp+Ccoz  cos  0  j  =  -  -  0 


dm 
dt~ 


Hence,  putting    n  = 


I 


A  au)?drj/  +  Cw3  cos  6  +  nCm  =  constant  =  CO.  (cos  0o  +  *^), 

where  n  and  Bo  are  the  initial  values  of  W3  and  6,  since  ;^  =  0  initially. 

As  the  force  F  constantly  diminishes  the  angular  velocity,  after  some  time 
«3  must  become  equal  to 

_  w  +  cos  do 


n+1 


When  this  happens,  we  have  6=0.    For,  substituting  in  the  previous  equation 
the  value  just  obtained  for  ws,  we  get 


(1  -COS0)  j  2^oos'i0tfr  _ 


ca 


n  +  cos  00 
n+  I 


=  0; 


but  as  n  is  greater  than  1,  t^  small  as  compared  with  n,  and  0  not  less  than  Ay 
the  second  factor  of  the  above  expression  cannot  vanish,  and  therefore  we  must 
have  0  =  0. 

The  result  obtained  here  may  be  regarded  as  holding  good  in  the  case  of 
a  humming-top. 
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CHAPTEE  XII. 

ENERGY  AND  THE  GENERAL  EQUATIONS  OF  DYNAMICS. 

Section  I. — Energy. 

280.  Energy. — Work  and  Energy  have  been  defined, 
Arts.  118  and  129,  and  the  equation  of  Energy  for  a  rigid 
body  has  been  obtained  by  two  different  methods  (Arts.  132 
and  200).  In  the  present  section  we  propose  to  consider 
the  subject  in  a  somewhat  more  general  manner,  and  to  show 
that  on  the  equation  of  Energy  may  be  based  the  whole 
theory  of  the  action  of  forces  on  a  connected  system. 

281.  Equation  of  Energy. — If  a  system  of  material 
points  be  acted  on  by  any  forces,  we  may  suppose  the  con- 
straints and  connexions  of  the  system  replaced  by  correspon- 
ding forces,  and  thus  regard  each  point  as  entirely  free. 
Assuming  then  the  principles  which  govern  the  resolution 
and  composition  of  forces  acting  at  a  point,  and  the  relations 
between  force  and  acceleration,  we  have 

d'^x,  dh/^  d'^z^ 

d'x^  d^'y.,  d'^z^      _ 

&c.,  &c., 

where  Xi,  Zi,  Zi,  &c.,  include  the  components  of  the  forces 
which  replace  the  constraints,  if  any,  acting  at  the  points 

i«^l2/l2l,     ^2  2/2^2,     &C. 

Multiplying  the  first  equation  by  dxi,  the  second  by  dyx^ 
&c.,  and  adding,  we  have 

Sm(  —  dx+  ~  dy  +  -—dz\  =  ^{Xdx  +  Tdy  +  Zdz) ; 
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or,  putting  T  =  ^  Sm«?^ 

-^.dt  =  ^  {Xdx  +  Ydy  +  Zdz),  (1) 

In  virtue  of  this  equation,  T  is  called  the  kinetic  energy  of 
the  system  (Art.  129). 

282.  Conservation  of  Energy. — If  the  mutual  forces 
of  a  material  system  are  independent  of  the  velocities,  the  system 
must  be  conservative  (Art.  124). 

To  prove  this  we  have  to  show  that,  in  going  from  any 
configuration  A  to  the  configuration  B,  the  work  done  by 
the  forces  of  the  system  is  independent  of  the  mode  of  trans- 
formation, and  depends  only  on  the  initial  and  final  con- 
figurations. 

Suppose  that  in  one  mode  M  of  going  from  A  to  B  more 
work  is  done  than  in  another  mode  iV.  Let  us  imagine  two 
systems  precisely  similar,  and  let  the  first,  going  from  ^  to  B 
by  the  mode  Jf,  be  made  to  bring  the  other  from  ^  to  -4  by 
the  mode  iV.  This  will  be  possible,  because  the  work  consumed 
in  going  from  B  to  A  through  N  is  equal  to  the  work  per- 
formed in  going  from  A  to  B  through  iV",  since  the  forces  in 
any  particular  position  are  by  hypothesis  independent  of  the 
directions  in  which  the  points  of  the  system  are  moving, 
and  therefore  each  element  Xdx  of  the  total  work  retains  the 
same  magnitude,  but  changes  its  sign,  when  the  tranforma- 
tion  is  reversed.  Hence  the  transformation  from  A  to  B 
through  M  will  bring  the  second  system  from  ^  to  ^  through 
iV,  and  leave  an  overplus  of  work.  Let  us  now  suppose  the 
second  system  to  go  from  ^  to  ^  through  M,  bringing  the 
first  from  i5  to  ^  through  JV.  There  will  again  be  an  over- 
plus of  work.  This  process  may  be  continually  repeated, 
and  thus  an  inexhaustible  supply  of  work  can  be  obtained 
from  permanent  natural  causes  without  any  consumption  of 
materials.  The  whole  of  experience  teaches  us  that  this  is 
impossible.  Hence  the  work  done  in  going  from  -4  to  ^  is 
independent  of  the  mode  of  transformation. 

If  a  system  he  acted  on  hy  7io  external  forces,  the  work 
done  by  the  forces  of  the  system  is  equal  to  the  change  of 
kinetic  energy  ;  whence  it  appears  that  the  kinetic  energy  T 
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in  any  particular  configuration  depends  only  on  tlie  values  of 
the  variables  by  which  the  configuration  is  indicated,  and  on 
the  initial  state  :  in  other  words,  we  have  the  equation 

T-  To  =  <p  {xi,  2/1,  Si,  X2,  ^2,  S2,  &c.).  (2) 

It  is  essential  to  the  validity  of  this  demonstration  that 
the  work  consumed  by  the  forces  of  the  system,  in  any  trans- 
formation, should  be  equal  to  the  work  performed  by  them  in 
the  same  transformation  reversed.  If  the  force  acting  on  any 
point  changes  sign  with  the  direction  of  the  motion  of  that 
point,  the  condition  of  reversibility  is  not  fulfilled.  In  the 
case  of  friction,  for  instance,  so  far  as  it  is  considered  in 
Mechanics,  the  forces  change  sign  with  the  motion,  and 
consume  work  both  in  the  direct  and  reverse  transformation. 
The  same  is  true  of  the  resistance  of  a  medium.  Again,  if 
the  forces  are  not  equal  in  magnitude  when  the  points  occupy 
the  same  relative  positions,  as  in  the  case  of  the  collision  of 
imperfectly  elastic  bodies,  work  is  apparently  consumed  with- 
out any  corresponding  increase  of  potential  energy.  The  ex- 
periments of  Joule  and  others  have  established  that  in  such 
cases  the  energy  which  seems  to  be  lost  is  really  preserved  in 
the  form  of  heat,  which  may  be  regarded  as  kinetic  energy 
resulting  from  molecular  motions  not  directly  sensible.  In 
applying  the  equation  of  energy  we  must,  however,  remember 
that  in  cases  such  as  those  mentioned,  the  conservation  of 
energy,  so  far  as  sensible  motion  alone  is  concerned,  does  not 
hold  good.  On  the  other  hand,  if  we  take  into  account  every 
form  of  energy^  the  conservation  of  energy  may  be  considered 
as  an  absolutely  universal  fact  of  nature. 

Equation  (2)  may  be  written 

T-ro=Y-Yo,  (3) 

where  Y  is  the  force  function  given  by  the  equation 

Y  =  ^\{Xdx  +  Ydy  +  Zdz). 

Equation  (3)  is  the  same  as  (12),  Art.  200,  where  it  was 
arrived  at  in  a  different  manner. 
If  we  put  Y  =  -  Fi  we  have 

r+F=ro+Fo.  *  (4) 

We  can  now  give  an  exact  definition  of  potential  energy. 
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The  Potential  energy  of  a  conservative  system  in  any  par- 
ticular configuration  is  the  amount  of  work  required  to  bring 
it  to  that  configuration  against  the  mutual  forces  of  the  system 
in  its  passage  from  any  chosen  configuration. 

The  principle  of  the  conservation  of  energy  may  then  be 
stated  thus : — 

In  any  conservative  system  unacted  on  by  external  forces  the 
sum  of  the  kinetic  and  potential  energies  is  constant, 

283.  Of  the  intimate  Permanent  Forces  of  IVature. 

— In  his  Paper  on  the  Conservation  of  Force  [JJeher  die 
Erhaltung  der  Kraft ,  1847),  Helmholtz  observes  that  we 
must  regard  the  forces  of  nature  as  caused  by  the  action  of 
portions  of  matter  on  each  other,  and  from  a  mathematical 
point  of  view  must  consider  matter  as  composed  of  an  infi- 
nite number  of  material  points.  The  ultimate  permanent 
forces  of  nature  must  result,  therefore,  from  the  action  of 
these  material  points  on  each  other. 

If  the  conservation  of  energy  hold  good  for  these  forces, 
the  mutual  forces  between  two  material  points  must  be  in  the 
line  joining  them,  and  be  a  function  of  the  distance  between 
them. 

This  proposition  is  proved  by  Helmholtz  as  follows : — 
In  this  case  the  kinetic  energy  of  the  system  composed  of 
the  two  points  is  given  by  the  equation 

r=  /  {Xdx  +  Ydy  +  Zdz  +  Xdx'  +  Tdy'  +  71  dz')  +  c. 

Since  the  conservation  of  energy  holds  good,  7"  is  a 
function  of  the  relative  position  of  the  two  points.  Again,  as 
they  are  points,  all  directions  must  be  supposed  indifferent  as 
regards  either  of  them  considered  alone.  Hence  their  relative 
position  must  depend  solely  on  the  distance  between  them, 
and  T  is  therefore  a  function  of  this  distance  r,  or  T  =  0  (r). 

Equating  the  two  expressions  for  T,  and  differentiating, 
we  have 

X=f(4:,      y-^\r)%     Z-,'ir)% 
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or      X=<t.'{rf^,     r=^»'^',      Z=i.'{r)'-^, 

Hence  the  point  xyz  is  acted  on  by  a  force  0'(r)  in  the 
direction  of  the  line  joinin  ga?ys'  to  scyz  ;  and  the  latter  point 
is  acted  on  by  an  equal  force  in  the  opposite  direction. 

Conversely  it  is  easy  to  see  that,  if  two  material  points 
acted  on  each  other  with  a  force  depending  as  regards  mag- 
nitude on  their  mutual  distance,  but  not  in  the  direction  of  the 
line  joining  them^  they  would  be  capable  of  producing  in  each 
other  an  ever-increasing  velocity,  and  of  thus  generating  an 
unlimited  amount  of  energy. 

In  order  to  bring  about  this  result  we  have  only  to  suppose 
the  points  connected  by  a  rigid  rod.  The  whole  system  would 
then  be  acted  on  by  a  constant  couple. 

284.  Forces  nvhicli  appear  in  the  Equation  of 
Knergy. — For  any  system  entirely  free  we  have  obtained 
the  equation  dT  =  ^{Xdx  +  Ydy  +  Zdz),  and  have  seen  that 
this  equation  holds  good  for  a  system  restricted  in  any  way, 
provided  the  constraints  are  replaced  hy  equivalent  forces. 

If  the  constraints  of  the  system  consist  of  smooth  curves 
or  surfaces  along  which  the  points  are  restricted  to  move  ;  of 
rigid  bars  or  inextensible  strings  connecting  the  different 
points  with  each  other  or  with  any  external  fixed  points  ;  or 
in  general  of  any  connexions  such  that  the  distance  between 
each  pair  of  points  immediately  acting  on  each  other  is  in- 
variable, the  whole  work  done  by  all  these  constraints  and 
connexions  is  zero,  and  may  therefore  be  omitted  from  the 
right-hand  side  of  the  equation  (Arts.  124,  127). 

If  the  potential  energy  (Arts.  129,  282)  of  any  portion  of 
the  system  be  a  function  of  a  single  variable  quantity  ?/,  the 
work  done  by  this  part  of  the  system  in  any  displacement 
must  be  of  the  form  \hi\  for  F=  0  (w),  and  therefore 
dV  =  (l)'{u)du. 

If  between  any  points  of  the  system  there  be  a  connexion 
which  is  capable  of  being  expressed  by  means  of  an  equation 
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between  their  coordinates,  such  connexion  can  be  effected  by 
means  of  constraints  of  an  invariable  character ;  such  as  smooth 
fixed  surfaces  or  curves,  or  rigid  bars  or  inextensible  strings. 

Hence  we  may  conclude  that,  in  any  motion  of  the  system^ 
the  tcork  done  hy  the  forces  replacing  any  connexion  between  the 
points  of  the  system  ichich  is  capable  of  being  expressed  by  equa- 
tions between  their  coordinates,  is  zero. 

A  formal  proof  of  this  important  proposition  may  be  given 
as  follows : — 

If  ?7  =  0  be  an  equation  between  the  coordinates  of  any 
points  in  a  moving  system,  the  forces  which  the  corresponding 
constraint  introduces  into  the  system  must  be  functions  of 
the  coordinates  and  of  the  other  forces.  Hence,  if  the  latter 
be  conservative,  so  are  the  forces  caused  by  the  constraint, 
which  for  brevity  we  shall  refer  to  as  the  constraint  U. 

Again,  if  at  any  time  the  condition  ?7=  0  be  actually  ful- 
filled, the  imposition  or  removal  of  the  material  bonds  by 
which  the  corresponding  constraint  is  effected  cannot  require 
any  expenditure  of  energy ;  since  this  imposition  or  removal 
does  not  change  the  position  of  any  point  of  the  system. 

Let  there  be  now  a  system  Si,  which  without  27 is  conser- 
vative, and  let  A  and  B  be  two  configurations  in  which  the 
condition  Z7  =  0  is  fulfilled  ;  then,  as  we  have  seen,  the  forces 
replacing  If  are  conservative,  and  if  they  consume  work  in  the 
motion  from  B  to  A,  they  produce  work  in  that  from  A  to  B. 
Let  the  external  work  W  bring  Si  from  A  to  B  subject  to 
the  constraint  U.  Let  Q  be  the  amount  of  potential  energy 
thereby  produced  in  the  system,  and  E  the  work  done  by  the 
forces  replacing  U;  then,  the  whole  amount  of  work  produced 
isTT-  Q  +  E.  Now  let  this  be  used  in  bringing  S2  (precisely 
similar  to  Sy)  from  ^  to  ^  without  the  constraint  U,  whereby 
Q  is  produced,  and  in  doing  such  an  amount  of  other  work 
that  Si  may  come  to  rest  in  the  position  B  and  S2  in  the 
position  A.  We  may  then  without  any  expenditure  of 
work  impose  the  constraint  U  on  S2  and  remove  it  from  Si. 
Things  are  now  in  precisely  the  same  state  as  at  starting,  and 
in  the  whole  process,  by  an  expenditure  of  work  W,  we  have 
produced  work  whose  amount  is  W  +  E.  Hence  in  any 
motion  of  the  system  the  work  E  done  by  the  forces  replac- 
ing the  condition  U  =  0  must  be  zero. 

2D 
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As  the  amount  of  work  done  by  these  forces  in  an  un- 
reversed motion  cannot  be  influenced  by  the  character  of  the 
other  forces,  but  only  by  their  amounts  and  directions,  the 
work  done  by  the  forces  replacing  U  =  0  must  under  any 
circumstances  be  zero. 

285.  C]quatioii  of  Energy  in  Oencral. — If  we  have  a 
system  acted  on  by  any  forces  external  or  internal,  and  sub- 
ject to  any  constraints  or  mutual  connexions,  the  equation  of 
energy  assumes  the  form 

T-To+V~Vo=W.  (5) 

Tq  and  Fo  are  the  kinetic  and  potential  energies  in  the 
initial  position,  T  and  V  those  in  the  position  under  con- 
sideration, and  W  the  work  done  in  going  from  the  initial 
to  the  actual  position  by  the  external  forces  and  by  those 
internal  forces  which  are  not  conservative  or  reversible  in  their 
character. 

As  regards  constraints  and  connexions,  they  may  be  di- 
vided into  three  classes.  1.  Those  producing  forces  whose 
work  during  any  motion  of  the  system  is  zero.  Such  con- 
nexions we  have  already  considered  ;  they  have  no  effect  on 
the  equation  of  energy.  2.  Those  which  are  capable  of  alter- 
ation under  the  action  of  external  forces,  and  such  that  their 
alteration  produces  or  consumes  a  corresponding  amount  of 
potential  energy.  The  work  done  by  the  forces  replacing 
these  constraints  and  connexions  is  included  in  the  expression 
Vo  -  V.  3.  Resistances  or  connexions  which  introduce  forces 
of  a  non-conservative  character.  Such  are  the  friction  of 
rough  surfaces,  the  resistance  of  a  medium,  the  forces  deve- 
loped by  the  alteration  of  an  extensible  body  which  does  less 
work  in  its  recoil  than  the  amount  required  to  stretch  it,  &c. 
All  such  forces  must  appear  as  forces  in  the  equation  of 
energy,  and  the  work  done  by  them  is  included  in  W. 

286.  Virtual  ITelocities. — The  principle  of  energy  may, 
as  we  have  seen,  be  expressed  for  dynamical  purposes  in  the 
following  form  : — 

The  work  done  on  a  system  in  any  interval  of  time  by 
external  applied  forces,  diminished  by  the  work  consumed  in 
the  same  time  by  the  non- conservative  forces  of  the  system, 
is  equal  to  the  sum  of  the  increments  of  the  kinetic  and 
potential  energies. 
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We  have  seen  likewise  that  this  principle  holds  good  for 
a  system  subject  to  any  invariable  constraints  or  connexions 
internal  or  external  as  well  as  for  a  free  system. 

We  are  now  able  to  obtain  the  conditions  which  must  be 
fulfilled  in  order  that  any  system  should  be  in  equilibrium ; 
they  can  be  expressed  in  a  single  statement,  viz  : — 

In  order  that  any  system  should  he  in  equilibrium^  the  work 
done  by  the  applied  forces  in  any  possible  infinitely  small  displace- 
ment, diminished  by  the  increase  of  the  potential  energy  of  the 
system,  must  be  either  negative  or  zero ;  and,  if  this  be  true 
for  every  possible  infinitely  small  displacement,  the  system  is  in 
equilibrium. 

The  truth  of  this  statement  readily  appears  from  the 
equation  of  energy. 

A  position  of  equilibrium  is  one  in  which  if  the  system  be 
placed  at  rest  it  will  remain  at  rest.  Now  the  system  will 
not  remain  at  rest  if  there  be  any  possible  mode  of  displace- 
ment, in  which  the  united  action  of  the  internal  and  external 
forces  can  produce  a  velocity  in  any  of  the  points  of  the  system. 
On  the  other  hand,  if  the  system  move  from  rest  in  any 
manner,  it  will  acquire  a  positive  kinetic  energy.  Hence,  if 
there  be  no  possible  way  in  which  it  can  do  this,  its  position 
must  be  one  of  equilibrium. 

In  applying  the  principle  of  equilibrium  we  must  regard 
the  non-conservative  forces  of  the  system  (if  any)  as  applied 
forces,  and  introduce  them  with  their  proper  signs.  In  the 
case  of  actual  motion,  forces  of  this  kind  always  consume 
work,  but  in  the  case  of  virtual  displacements  this  is  not  ne- 
cessarily the  case ;  e.  g.  suppose  a  heavy  particle  is  placed 
on  a  rough  inclined  plane,  and  it  is  required  to  determine  the 
condition  of  equilibrium.  In  this  case  we  must  consider  the 
force  of  friction  as  acting  upwards  along  the  plane.  If  now 
we  imagine  a  virtual  displacement  down  the  plane,  friction 
will  consume  work ;  but  if  we  imagine  a  displacement  up  the 
plane,  friction  will  produce  work.  In  the  case  of  actual 
motion,  whether  slipping  take  place  up  or  down  the  plane, 
friction  will  consume  work. 

Again  it  is  to  be  observed,  that  if  every  possible  set  of 
displacements  be  also  possible  when  reversed,  the  condition  of 
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equilibrium  becomes  simply  that  the  total  work  done  hy  all  the 
forces  internal  and  external  he  zero. 

In  fact,  if  ^P^p  be  negative  and  P  remaining  unaltered 
the  sign  of  each  ^p  be  changed,  SP^j9  becomes  positive ;  but 
this  is  inconsistent  with  the  principle  of  equilibrium  as  stated 
above  ;  hence  ^Pdp  must  be  zero. 

If  we  combine  the  principle  of  Yirtual  Velocities  with 
D'Alembert's  principle,  we  obtain  the  equation  which  embraces 
the  whole  theory  of  Kinetics, 


df  J        \  df  J  "     \  dt^j      ^ 

From  this  equation  that  of  energy  was  deduced  in 
Chapter  IX.  In  the  present  chapter  we  have  reversed  this 
mode  of  procedure. 

287.  Equivalent  Sets  of  Forces. — Two  sets  of  forces 
acting  on  any  material  system  are  said  to  be  equivalent  when 
the  motions  produced  by  one  set  are  identical  with  those 
produced  by  the  other. 

If  each  of  two  sets  of  forces  be  capable  of  equilibrating  the 
same  third  set,  the  two  are  equivalent. 

For  let  P  be  a  force  of  the  first  set,  Q  one  of  the  second,  and 
JR,  one  of  the  set  which  each  of  the  first  two  can  equilibrate. 
Suppose  the  P  set  only  to  act.  Introduce  at  the  point  where 
R  would  act  two  forces  P  and  -  P.  This  being  done  for  each 
point  of  the  system,  the  motion  remains  undisturbed.  The 
system  is  now  acted  on  by  the  three  sets  of  forces  P,  P,  and 

-  P ;  and,  since  the  sets  P  and  P  are  in  equilibrium,  the  sets 
P  and  -  P  are  equivalent.     In  like  manner  the  sets  Q  and 

-  P  are  equivalent.     Hence  the  sets  P  and  Q  are  equivalent. 

In  moving  a  syste7nfrom  one  given  position  to  another,  equi- 
valent sets  of  forces  produce  the  same  amount  of  work. 

The  motion  being  the  same  whichever  set  of  forces  is 
in  action,  the  intermediate  positions  of  the  system  are  at  each 
instant  the  same ;  consequently,  since  the  two  sets  of  forces 
are  each  capable  of  equilibrating  the  same  set,  we  have  ^P^p 
=  '2>Qdq  at  each  instant.  Hence  the  whole  amount  of  work 
produced  in  one  case  is  equal  to  that  produced  in  the  other. 

It  can  be  shown  in  like  manner  that  the  work  required  to 
move  a  system  from  one  given  position  to  another,  against  the 
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action  of  any  set  of  forces,  is  equal  to  that  required  to  move  it 
against  the  action  of  an  equivalent  set. 

288.  m^reiiclies. — A  wrench  in  Kinetics  corresponds  to 
a  twist  in  Kinematics. 

If  a  rigid  body  be  acted  on  by  any  forces,  these  forces  can 
be  reduced  to  a  single  force  along  with  a  couple  whose  plane 
is  perpendicular  to  the  direction  of  the  force. 

Such  a  system  is  called  a  ivrench  about  a  screw,  the  axis  of 
the  screw  being  the  line  of  direction  of  the  force,  and  the  pitch 
of  the  screw  the  line  which  is  the  quotient  obtained  by  dividing 
the  moment  of  the  couple  by  the  force.  The  magnitude  of 
the  force  is  called  the  intensity  of  the  wrench. 

The  wrench  to  which  a  set  of  forces  acting  on  a  rigid 
body  is  equivalent  has  been  termed  the  canonical  form  of  the 
set  of  forces. 

The  canonical  form  of  a  set  of  forces  is  in  general  unique ; 
for,  as  may  be  easily  seen,  if  two  wrenches  be  equivalent, 
they  must  either  be  identical  or  else  consist  of  equal  couples 
in  parallel  planes. 

Examples. 

1 .  A  particle  of  mass  m  moves  with  a  simple  harmonic  motion ;  determine 
its  mean  energy. 

If  T  and  a  be  the  periodic  time  and  amplitude  of  the  motion  (Arts.  87,  88), 
and  T  the  mean  energy, 


T.lo 


dt  =  m  —  a?' 


2.  If  the  motion  of  the  particle  m  be  the  resultant  of  any  number  of  simple 
harmonic  motions  having  different  periods  and  amplitudes,  find  the  mean  value 
of  the  energy.  -.    -.^;_;;:i 

If  Q  be  an  interval  of  time  which  is  very  great  compared  with  the  longest 
periodic  time, 

3.  Determine  the  mean  energy  of  a  system  of  vibrating  particles. 

The  rectangular  components  of  the  displacement  of  any  particle  are  periodic 
functions  of  the  time,  and  can  therefore  be  expanded  in  a  series  of  terms  of  the 
form 


(v'^")- 


Hence,  T^ir^^m . 
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4.  A  rigid  body  is  acted  on  by  a  couple  whose  moment  is  Pp;  determine 
the  work  done  by  the  couple  in  any  small  motion  of  the  body. 

If  dd  be  the  angular  displacement  of  the  body  round  an  axis  perpendicular 
to  the  plane  of  the  couple,  the  work  done  by  the  couple  is  Ppdd,  see  Art.  128. 

5.  Express  the  kinetic  energy  of  a  body  having  a  fixed  point  in  terms  of 
the  angles  0,  <f>,  y\i  (Art.  258),  the  body-axes  being  the  principal  axes  at  the 
fixed  point. 

As  eoi,  C02,  ws  are  given  in  terms  of  0,  <^,  ^,  Ex.  5,  Art.  260,  we  have, 
Art.  263, 

2T=  (^sin>  +  -Bcos2</))  02+ {(^  cos2<^  +  ^sin2<f)sin20+ Ccos^e}  i^2 
+  C<ir  +  2{B-A)e^  sin e  sin <^  cos  <^  +  1C^^  cos 9. 

6.  If  The  the  kinetic  energy  of  a  body  having  a  fixed  point,  and  (Hx,  wy,  wz 
its  angular  velocities  round  three  rectangular  axes  fixed  in  space  passing 

dT  dT     dT 

through  the  point,  prove  that  - —  -— -,  - —  are  the  moments  of  momentum  of 

d(t}x  doojf  aa>% 
the  body  round  the  axes. 

Let  Xy  y,  z  be  the  components  of  the  velocity  of  any  point  of  the  body,  then 

awx  \    clwx         ««x         awxl 

hence  (Art.  255), 

—  =  'Zm{yz-zy). 

7.  Determine  the  amount  of  energy  ?F  which  must  be  expended  on  a  rigid 
body  in  order  to  efiect  a  given  twist  in  opposition  to  a  given  wrench. 

Let  9  be  the  amplitude  of  the  twist  round  the  screw  o  whose  pitch  is  j?, 
Q  the  intensity  of  the  wrench  round  the  screw  ^  whose  pitch  is  q,  and  Q.  the 
angle  between' o  and  fi. 

Take  a  as  axis  of  x,  and  the  shortest  distance  from  a  to  j8  as  axis  of  «, 
denoting  its  length  by  c.  Replace  the  wrench  at  each  instant  by  the  forces 
X,  F,  Z,  passing  through  a  point  coinciding  with  the  origin,  and  the  couples 
X,  M,  N.     Then  the  system  Z,  Y,  Z,  i,  M,  N  being  equivalent  to  the  wrench, 

X  =  Q  cos  n,    r=  Q  sin  n,   z=  o, 

L  =  Qq  cos Ci—  Qc  sin  n,     M—  Qq  sin n,-\-  Qc  cos Xi,     N=  0. 

Hence  (Ex.  4,  and  Art.  123), 

d W=  Qp  cos nd9  +  {Qq  cos  n—  Qc  sin D.)  d9=  Q  {{p  +  q)  cos fl - c  sin n}  dO, 
and  therefore 

^=  Q  {{p  +  q)  cos  a.  -  c  sinn}0. 
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The  expression  {p-\-q)  cos  n  -  c  sinH  is  called  (Ball,  Theory  of  Screws,  §  13) 
the  virtual  coefficient  of  the  pair  of  screws  o  and  /3. 

If  c  be  regarded  as  always  positive,  D.  is  the  angle  through  which  the  axis 
of  the  screw  a  must  be  turned  round  the  axis  of  z  in  order  to  be  codirectional 
with  the  axis  of  j8,  the  positive  direction  of  z  being  always  from  o  towards  jS. 

8.  A  smooth  rod  having  one  extremity  fixed  moves  on  a  smooth  horizontal 
table,  and  drives  a  particle  of  mass  equal  to  its  own,  which  starts  from  rest  from 
a  point  indefinitely  near  the  fixed  extremity  of  the  rod.  Find  the  inclination  of 
the  rod  to  the  direction  of  motion  of  the  particle  when  the  latter  has  reached  any 
definite  point  of  the  rod. 

As  the  moment  of  momentum  and  the  vis  viva  of  the  system  are  constant  {see 

k 
Art.  201),  we  have,  if  y\i  be  the  angle  required,  tan  ;//=  ■— ^ — —,  where  k  is  the 

radius  of  gyration  of  the  rod  and  r  the  distance  of  the  particle  from  the  fixed 
extremity. 

9.  A  triangular  prism  rests  with  one  rectangular  face  on  a  smooth  horizontal 
plane.  A  rough  cylinder,  having  its  axis  parallel  to  the  edge  of  the  prism,  rolls 
down  one  of  its  faces  starting  from  rest,  the  centres  of  inertia  of  the  prism  and 
cylinder  being  in  the  same  vertical  plane  ;  determine  the  angular  velocity  of  the 
cylinder  when  it  reaches  the  horizontal  plane,  and  the  distance  through  which 
the  prism  has  moved. 

Let  the  axis  of  a;  be  the  intersection  of  the  horizontal  plane  with  the  vertical 
plane  containing  the  centres  of  inertia,  the  axis  of  z  being  vertical.  Let  x'  be 
the  coordinate  of  the  centre  of  inertia  of  the  prism,  m'  its  mass ;  x,  z  the  co- 
ordinates of  the  centre  of  the  cylinder,  a  its  radius,  m  its  mass,  k  its  radius  of 
gyration,  (p  the  angle  through  which  it  has  turned,  and  s  the  distance  on  the 
prism  perpendicular  to  its  edge  through  which  the  line  of  contact  of  the  cylinder 
has  moved,  at  any  time ;  then,  i  being  the  angle  which  the  face  of  the  prism 
makes  with  the  horizontal  plane, 

X  —  x'  —  xo  —  xq  +  s cos  i,     z  =  zq—  s  &m  i,     s  =  a<p; 

and  from  the  conservation  of  the  motion  of  the  centre  of  inertia  and  the  equation 
of  vis  viva,  we  have 

mx  +  m'x'  =  mx^  +  mxo  ^     m'x"^  +  m  [x^  +  s*  +  F^^)  =  2gm  {zq  —  z). 

Hence,  if  h  be  the  initial  height  of  the  centre  of  the  cylinder,  and  a>  its 
angular  velocity  when  it  reaches  the  horizontal  plane, 

--^  -  '    ^  '  -'    .  xq  =—  ' -,  {h  -  a)  cot  *. 


(m'  +  m  sin^i)  a-  +  (m  +  m')  k"^* 


10.  Show  that  the  velocity  v  with  which  a  fluid,  under  a  uniform  pressure 
p,  escapes  from  a  small  orifice  is  given  by  the  equation  v"^  =  2(/h,  where  h  is  the 
height  of  a  column  of  the  fluid  which  would  produce  the  pressure  p. 

Suppose  a  small  mass  m  of  fluid  forced  through  an  orifice,  whose  section  is  c, 
into  a  large  volume  of  fluid  under  the  pressure  p.  If  x  be  the  distance  through 
which  the  surface  a  of  the  fluid  is  pushed  in  by  this  operation,  the  work  ex- 
pended is  pxff. 
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Hence  the  potential  energy  lost  when  m  escapes  is  pxff,  and  this  must  he  the 

kinetic  energy  acquired  hy  w,  therefore  -—  =px<T.    Now,  if  p  he  the  density  of 

2 
the  fluid,  p  =  ffph,  and  m  =  pxa:     Suhstituting,  we  have 

«;2  =  2ffh. 

11.  Determine  the  total  energy,  kinetic  and  potential,  of  a  planet  and  satel- 
lite moving  as  in  Ex.  3,  Art.  213. 

If  Y  be  the  total  energy 

where  K  is  an  undetermined  constant,  and  C,  &c.,  have  the  same  significations 
as  in  the  example  referred  to. 

12.  A  planet  and  a  satellite  move  as  in  the  last  example.  If  with  a  given 
moment  of  momentum  it  is  possible  to  set  them  moving  as  a  rigid  body,  it  is 
possible  to  do  so  in  two  ways — for  one  of  which  the  energy  is  a  maximum,  and 
for  the  other  a  minimum. 

If  in  the  equation  of  Ex.  3,  Art.  213,  we  substitute  x  forH,  y  for  n,  and  put 
h  for  the  moment  of  momentum,  we  have 

A  =  Cy  +  fiiMm{M+  m)-ix. 
Again  (Ex.  11), 

2Y-K=Cy^-fiMm-' 
x^ 

By  a  proper  selection  of  the  units  of  mass,  length  and  time,  we  can  make  0, 
lj\Mm{M+  w)-i,  and  /xMm  each  equal  to  unity.     We  obtain  thus  for  the  unit  of 

.i£fL,  tethat  of  length  j ^^^±^  \\  andiorthat  of  timef  ^'^H' i'> 

"We  have  then 

h^y-^x,     2Y-K=y^-^. 

If  the  whole  system  move  as  a  rigid  body,  the  angular  velocity  a  of  the 
satellite  round  the  centre  of  inertia  of  the  system  must  be  equal  to  n ;  hut 
r^  =  /i(if  +  m)co'^,  and  in  the  special  units  adopted  fjLi{M  +  m)^  =  1  ;  hence 

x^=  -.     Again,  if  Fbe  maximum  or  minimum,  we  have 

y 

||(,_,)3_I^J=0,     or    .-A  +  i  =  0, 

which  is  the  same  equation  for  determining  x  as  before.     Hence,  if  the  whole 
Si/stem  move  as  a  rigid  bodi/,  the  total  energy  Yia  a.  maximum  or  a  minimum. 

Again,  let/(:r)  =  x^ ~  hx'-^  +  1  =  x^  {x  -  h)  +  I.  If  x be  negative  f{x)  is  positive, 
and  therefore  the  biquadratic  f{x)  =  0  has  no  negative  root,  and  cannot  therefore 
have  more  than  two  real  roots,  since  the  coefficient  of  x^  is  zero.  If  a;>  h,  f{x) 
is  positive,  and  therefore  the  biquadratic  has  no  positive  root  greater  than  h ; 
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but  if  a;  be  positive  and  less  than  h,  f(x)  may  be  negative,  and  therefore  the 
biquadratic  may  have  two  positive  roots  between  0  and  h.  Asf'{x)  =  x'^{ix  —  3A), 
if  the  biquadratic  have  two  real  roots,  one  is  greater  than  f  A  and  the  other  less. 

The  greater  root  makes /'(:*;),  and  therefore  -r-^  positive,  and  Ya.  minimum; 

ax" 

d^Y 
the  lesser  root  makes  — y  negative,  and  Ya.  maximum. 

13.  Apply  the  preceding  examples  to  determine  the  secular  effects  of  tidal 
friction  on  the  Earth-moon  system,  the  moon  being  supposed  to  move  in  the 
plane  of  the  equator. 

If  the  Earth's  radius  be  denoted  by  a,  (7 is  approximately  ^Ma^,  and  M=  82m. 

M 

Hence  the  unit  of  mass  is  — ,  the  unit  of  length  5-26a,  and  the  unit  of  time 
83 

2  hours  41  minutes.     Again,  in  the  special  units,  the  present  value  of  r  is  11-454, 

and  that  of  n  is  0*704,  whence  x  is  3-384  ;  also  h  =  4-088.     It  is  plain  that  for 

this  value  of  h  the  biquadratic /(^)  =  0  has  two  real  roots.     The  lesser  of  these, 

X\,  makes  Fa  maximum,  and  the  greater,  X2,  makes  Ya,  minimum.     Again, 

f{x)  is  positive  for  values  of  x  between  0  and  x\,  negative  for  those  between  xi 

and  X2,  and  positive  for  those  greater  than  X2.     As  x  is  positive  throughout, 

when  f{x)  is  positive  we  have  -^>y,  i.e.  (o>n;  and  —  <  t/,  i.  e.  «  <  w, 

when  f{x)  is  negative.  At  present  f{x)  is  negative,  and  therefore  the  present 
state  of  things  corresponds  to  a  value  of  x  which  lies  between  xi  and  xz. 

"We  can  now  determine  the  effects  of  tidal  friction.  Since  the  friction 
resulting  from  the  lunar  tides  constantly  diminishes  the  sensible  or  mechanical 
energy  of  the  Earth-moon  system,  7  must  continually  decrease  (Art.  282). 
Hence,  as  at  present  /  (x)  is  negative,  x  must  increase  and  i/  decrease  until  Y 
reaches  its  minimum,  after  which  the  whole  system  will  move  as  if  rigidly 
connected. 

It  appears  accordingly  that  the  friction  caused  by  the  lunar  tides  diminishes 
the  angular  velocity  of  the  Earth,  i.  e.  increases  the  length  of  the  day,  and  at 
the  same  time  increases  the  Moon's  distance  and  the  length  of  the  month.  This 
process  must  go  on  till  the  day  and  month  are  of  equal  length,  after  which  the 
lunar  tides  will  cease.  If  at  any  past  period  the  Moon  moved  as  if  rigidly  con- 
nected with  the  Earth,  this  must  have  been  when  Y  was  a  maximum.  Such  a 
state  of  things  was  dynamically  unstable,  for  the  least  disturbance  of  the  rigidity 
of  the  motion  would  have  produced  tides  whose  friction  would  have  diminished 
the  energy,  and  caused  the  system  to  depart  farther  from  the  configuration  of 
maximum  energy.  The  departure  from  this  configuration  might  have  taken 
place  in  two  ways,  according  as  the  Moon  approached  the  Earth  or  receded 
from  it.  If  the  former  event  had  occurred,  the  Moon's  angular  velocity  in  its 
orbit  would  have  become  greater  than  the  angular  velocity  of  the  Earth's  rotation, 
and  the  Moon  must  ultimately  have  fallen  upon  the  Earth,  as  x  must  have  de- 
creased continually  along  with  Y.  If  on  the  other  hand  the  Moon  had  receded, 
the  present  state  of  things  would  have  been  reached.  The  value  of  x  which 
makes  Y  a  minimum  lies  between  4-073  and  4-074,  and  the  corresponding 
value  of  n  lies  between  0-015  and  0-014.  The  ratios  of  the  present  value  of  n  to 
these  two  values  are  46-9  and  50-2.  The  present  investigation  would  therefore 
lead  us  to  conclude  that,  when  the  hmar  tides  cease  and  the  day  and  month 
become  equal,  the  length  of  the  day  will  be  between  46  and  50  times  its  present 
length. 
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Examples  11,  12,  13,  and  Example  3,  Art.  213,  are  taken  from  a  Paper  by 
Professor  G.  H.  Darwin,  first  published  in  the  Proceedings  of  the  Eoyal  Society 
for  1879,  and  subsequently,  with  some  alterations,  in  Tliomson  and  Tait's 
Natural  Philosophy^  Part  ii.  In  this  Paper  Mr.  Darwin  gives  diagrams  of  the 
curves  represented  by  the  equations 

n  =  <lY-K=F{x),     xhj=l,     h  =  x  +  !/, 

by  means  of  which  the  results  arrived  at  are  exhibited  to  the  eye. 

14.  A  great  number  of  smooth  perfectly  elastic  particles  are  moving  with 
great  velocity  in  various  directions  within  a  rectangular  parallelepiped,  two  of 
whose  opposite  faces  are  large  compared  with  the  others.  If  one  of  these  faces 
be  movable,  determine  the  force  required  to  keep  it  steady. 

Let  u  be  the  velocity  of  one  of  the  particles  whose  mass  is  m,  and  <p  the  angle 
which  the  direction  of  its  motion  makes  with  the  normal  to  the  face.  Before 
striking  the  face  the  particle  has  a  normal  velocity  u  cos  0,  and  after  the  shock 
it  acquires  an  equal  normal  velocity  in  the  opposite  direction.  The  momentum 
communicated  to  the  face  is  therefore  2mu  cos  (p.  Having  reached  the  opposite 
face,  the  particle  rebounds  and  strikes  the  movable  face  again ;  the  interval  of 

2» 

time  between  two  successive  shocks  against  the  movable  face  being  , 

w  cos  0 

where  a  is  the  perpendicular  distance  between  the  faces.     The  whole  momen- 
tum communicated  to  the  movable  force  by  the  particle  m  in  the  time  d  is 

therefore 6,  and  the  whole  momentum  M  communicated  by  all  the 

a 

a 

particles  in  the  same  time  is  -  Smw'^  cos^^. 

In  order  to  determine  the  value  of  Smw^  cos^0,  describe  a  sphere  of  unit 
radius,  and  draw  from  its  centre  lines  parallel  to  the  directions  of  motion  of  the 
various  particles  at  the  beginning  of  the  interval  of  time  Q.  Since  the  number 
of  particles  is  very  great  and  the  direction  of  the  motion  of  any  one  undeter- 
mined, we  may  assume  that  the  energy  of  those  particles  whose  directions  of 
motion  make  an  angle  0  with  a  fixed  direction  is  to  the  total  energy  of  the  system 
as  that  portion  of  the  surface  of  the  sphere  comprised  between  the  cones  whose 
semi-angles  are  ^  and  ^  +  (?^  is  to  the  whole  surface.  If  The  the  total  energy 
of  the  moving  particles,  we  have  then 

Crt  2 

2mM-  cos^^)  =  T      co&^cj)  sin  (pd^  =  -T. 
Jo  3 

2  TB 
Hence  ^=  - —  .     Now  the  required  force  i^must  be  such  as  to  communi- 
cate to  the  movable  face  the  momentum  M  in  the  time  d,  and  therefore 

„      2  re         ^      2  T 
Fd  =  M=--,  otF=--. 
6   a  6  a 

15.  A  number  of  particles  move  as  in  the  last  example  ;  determine  the 
pressure  which  they  exert  on  the  unit  of  area. 
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If  8  be  the  area  of  the  movable  face  in  the  last  example,  and  p  the  pressure 

2  T 

of  the  particles  on  the  unit  of  area,  pS=F=  -—.    Hence,  if  v  be  the  volume  of 

3  a 
2 

the  parallelepiped,  pv  =  -T. 

o 

The  results  obtained  in  Ex.  14  and  15  are  made  use  of  to  explain  the  pressure 
which  a  gas  exerts  against  its  envelope.  The  mode  of  investigation  employed 
is  due  to  Clausius. 

16.  Determine  the  mean  kinetic  energy  of  any  system  in  stationary  motion. 

A  system  is  said  to  be  in  stationary  motion  when  the  coordinates  and  the 
velocities  of  its  various  points  fluctuate  within  determinate  finite  limits. 

If  we  integrate  x^dt  by  parts,  we  get  ^x^dt  =  xx-  ^xxdt ;  and  similar  equa- 
tions may  be  obtained  corresponding  to  the  other  coordinates.  Again,  supposing 
each  point  of  the  system  to  be  free,  we  have  mx  =  X.     Hence,  if  0  =  ^i  —  <o, 

1  f'l 


f'l  1 

'^^^-  TTn,  2w{a;iiCi  +  y^yx  +  2iZi  -  (Xf^XQ  +  y^ijQ  +  zozo)} 
ha  ^0 

[''  {Xx+Yy-V  Zz)  dt. 


20  ^ 


If  0  be  made  sufficiently  large,  the  first  term  on  the  right-hand  side  of  this 
equation  may  be  neglected,  and  we  find  that  the  mean  value  of  T  is  equal  to 
the  mean  value  of 

-\'2,{Xx^Yy^Zz). 

This  latter  quantity  is  termed  by  Clausius  the  virial  of  the  system.  Hence,  the 
mean  kinetic  energy  is  equal  to  the  virial.  This  theorem,  and  its  application 
given  in  Ex.  17,  18,  are  due  to  Clausius,  whose  investigation  will  be  found  in 
the  Philosophical  Magazine  for  August,  1870. 

17.  If  n  be  the  virial  of  a  system  which  is  acted  on  by  no  external  forces 
except  a  uniform  pressure  on  its  surface,  prove  that 


1  f^ 
n  =  fpv--l     '2.r<p{r)dt, 


where  r  is  the  distance  between  any  two  points  of  the  system,  v  its  volume,  and 
p  the  pressure  which  it  exerts  upon  the  unit  area  of  the  surface  of  the  surround- 
ing medium  or  envelope. 

If  r  be  the  distance  between  two  particles  of  the  system  whose  coordinates 
are  a:,  y,  z  ;  x',  y\  z',  the  portion  of  n  due  to  the  mutual  action  of  these  particles 
is  the  mean  value  of  an  expression  of  the  form 

,,(x  —  x'        y-y'        z-z'   \        .,(xf-x    ,    y'  —  y,    z'  —  z,\ 
or    -r(pir),     (Art.  283.) 
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Again,  if  dS  be  an  element  of  the  bounding  surface  of  the  system  the  di- 
rection cosines  of  whose  normal  are  I,  m,  n,  the  part  of  n  due  to  the  external 
pressure  is 

iP  /J  (^^  ■\-ym,-\-  zn)  dS=^p{  jjxdi/dz  +  jjydzdx  +  jjzdxdj/}  =  ^pv. 

1  f'l 
Hence  n  =  ^pv  —  \  ^  2r^  (r)  dt. 

dJto 

18.  Determine  the  pressure  of  a  gas  in  terms  of  its  volume  and  the  mean 
kinetic  energy  of  translation  of  its  molecules. 

A  gas  may  be  regarded  as  composed  of  a  number  of  molecules  which  exert 
no  action  on  each  other  except  when  in  contact.  If  the  gas  be  enclosed  in  an 
envelope,  and  its  condition  remain  unaltered,  its  molecules  must  be  in  stationary 
motion.  Hence,  if  T'  be  the  mean  value  of  that  part  of  the  kinetic  energy 
which  results  from  the  velocities  of  the  centres  of  inertia  of  the  molecules,  and 
n  the  corresponding  virial,  we  have  T'  =U;  but  n  =  ^pv  (Ex.  17),  since  the 
time  during  Avhich  a  particle  is  in  contact  with  other  particles  is  negligible 
compared  with  the  interval  between  two  such  contacts,  and  therefore  the  other 
term  of  n  may  in  this  case  be  neglected.    Accordingly  pv  =  f  T'. 

Section  II. — The  General  Equations  of  Dynamics. 

289.  Greneral  Equations  of  Hotion  for  any  System. 

— The  general  equations  of  motion  for  any  system  are  ob- 
tained in  precisely  the  same  manner  as  the  general  equations 
of  equilibrium. 

If  F=  0,  G  =  0,  E[=  0,  &c.,  are  the  equations  of  condition 
representing  the  connexions  and  constraints,  we  have 

dF^       dF^        dF^       dF^ 
dxx  dyi  dzx  dxz 

^  ^x,  +  &c.  =  0,  ^^x,  +  &c.  =  0,  &c. 
dXi  dxi 

Multiply  the  first  by  A,  the  second  by  ju,  the  third  by  v, 
&c.,  and  add  to  D'Alembert's  Equation,  and  we  obtain 

^         d'x,     .dF        dG        dff     ^    \^        .        ^     .,^ 

-^i-^i-T^  +  ^  -T-  +1^-7-+  V    7—  +  &C.     Si^Ji  +  &C.  =  0.     (1) 

df         dxi        dxi         dxi  J  ^ 

If  there  be  n  equations  of  condition  we  can  assign  to 
A,  ju,  V,  &c.,  such  values  as  to  make  the  coefficients  of  the  fii'st 
n  displacements  in  the  above  equation  vanish.     By  means  of 
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these  displacements  we  can  satisfy  the  n  equations  ^F  =  0, 
^G  =  0,  &c.  The  remaining  displacements  are  then  entirely 
unrestricted,  and  their  coefficients  in  (1)  must  therefore  be 
each  zero,  and  we  have  for  the  equations  of  motion 


^^1     ^     ^dF        dG        dJEL     ^     '\ 

nix  -7Tr=^i  + A-7— +  /*  -7—  +  v-T—  +  &e. 
at  dxy        dxx         axi 

d'yx     ^     ^  dF        dG        dH     ^ 
dt^  dyi        dijx        dijx 

d'zx     r^     ^  dF        dG        dR     ,       >         (2) 
mi— ^  =  Zi  +  X--i-+ju-T-  +  vi—  +  &C. 
dr  dzx         dzi         dzx 

d^x^     ^     ^dF       dG        dH     . 

(10  11X2  UXi  LIX2 


&C., 


&C. 


From  these  equations  we  can  obtain  the  Equation  of 
Energy,  if  we  multiply  the  first  by  dx^^  the  second  by  dyx, 
&c.,  and  add.     In  this  manner  we  obtain 

dT=  ^{Xdx+  Ydy  +  Zdz)  +  A  l  —  dxx  +  -T-dyx  +  &G.]  +  &c. 

Now,  if  the  equation  F=  0  involve  only  the  coordinates 
of  the  various  points, 

dF  ^       dF  ^        _         ^^     ^ 

-Ti-  dXx  +  -r-  dVx  +  &C.  =  C?i^  =  0, 

dxx  dyx 

and  the  condition  expressed  by  the  equation  i^  =  0  has  no 
effect  on  the  kinetic  energy. 

This  result  was  obtained  from  first  principles  in  Art.  284, 
and  by  its  means  the  Equation  of  Virtual  Velocities  in  its 
usual  form  was  deduced  from  the  Equation  of  Energy. 

290.  Kquation  of  Energy  when  Equations  of  Con- 
dition Involve  the  Time  Explicitly. — If  the  equation 
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F=0  involve  the  time  explicitly,  the  work  done  in  any  actual 
motion  of  the  system  by  the  forces  capable  of  replacing  the 
condition  F  =  0  need  not  be  zero.  In  a  virtual  displacement 
the  work  done  by  these  forces  must  still  be  zero,  because  in 
such  a  displacement  no  lapse  of  time  is  supposed  to  take 
place.  So  far,  therefore,  as  the  equation  of  virtual  velocities 
is  concerned,  t  must  be  considered  constant  in  the  equation 
F=  0,  and  as  in  Art.  200  the  virtual  displacements  must 
fulfil  the  condition 

dF^        dF^        dF^        dF  ^        _         . 

-j-txi  +  -7—02/1  +  ^-  dZi  +  ^—  6X2  +  &c.  =  0. 
axx  dyx  azi  dx^ 

The  actual  displacements  on  the  other  hand  fulfil  the 
condition 

dF  .       dF  .       dF  ^       dF  ^        _        l<^F\^^      . 
-—-dxx-^  -z-  dvi  +  ^—  ^2i  +  -7-  ^3^2  +  &c.  +    — ■  ]dt  =  0. 
dxi  dyx  dzx  dx^  \dt  j 

Hence  in  this  case  the  Equation  of  Energy  becomes 
dT^^  {Xdx  +  Ydy  +  Zdz)  -  X  {^\  dt-fx  {^\  dt  -  &c.    (3) 

291.  Similar  Mechanical  Systems. — Two  systems  are 
geometrically  similar  when  each  line  of  the  one  is  equal  to 
the  corresponding  line  of  the  other  multiplied  by  the  same 
constant. 

Similar  Mechanical  systems  are  not  only  geometrically 
similar,  but  have  also  a  similar  distribution  of  mass,  and  a 
similar  distribution  of  force,  and  work  in  a  similar  manner ; 
i.  e.  each  mass  of  the  one  is  equal  to  the  corresponding  mass 
of  the  other  multiplied  by  a  constant,  each  force  of  the  one 
is  equal  to  the  corresponding  force  of  the  other  multiplied  by 
a  constant ;  and  the  systems  are  always  geometrically  similar 
at  instants  of  time  whose  intervals  from  two  fixed  epochs  are 
in  a  constant  ratio. 

Let  xhe  SL  coordinate  of  a  point  in  the  first  system,  m  a 
mass,  X  a  force,  and  t  an  interval  of  time ;  and  x\  m  ^  X\  f 
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the  corresponding  quantities  for  the  second  system  ;  we  have 
then  the  equations  x  =  Ix,  rri  =  fim,  X!  =  AX,  t'  =  vt. 

Hence,         w(^^.'-^  ^  V^  ^  8.' 

ju/^        (d'^x         d\j  ^      d'^z 


v^ 


_     fd'^x  »      dS/  ^      d^z  ,^  \ 


and       S  (X^;^^'  +  Y'liJ  +  ^'^s')  =  X^S  (XS^  +  TSy  +  Zlz), 

In  order,  therefore,  that  D'Alembert's  equation  should 
hold  good  for  each  system,  we  must  have  iil  =  Av^ 

This  equation  of  condition  may  be  put  into  another  form 
by  expressing  v  in  terms  of  the  ratio  of  the  corresponding 
velocities  in  the  two  systems.     If  we  denote  this  ratio  by  a, 

-         dx         dx   ^    .    ^      dx'      I  dx     ,.        „       ,  , 

we  have  ^77  =  a  — ,  but  also,  -rrr  =  -  -rr  5  tnereiore  I  =  av,  and 
at         at  at       v  at 

the  equation  of  condition  becomes  \l  =  fxc^. 

If,  as  is  generally  the  case,  gravity  be  one  of  the  moving 

forces  in  both  systems,  we  must  have  A  =  /u  ;  hence  a^  =  /,  or 

the  velocity  in  each  system   must  be  proportional  to  the 

square  root  of  its  linear  dimensions. 

292.  Cfeneralized  Coordinates. — If  a  system  have  n 
degrees  of  freedom  its  position  is  completely  determined  at 
each  instant  by  the  values  of  71  independent  variables,  which 
may  be  termed  coordinates^  and  be  denoted  by  ^1,  ^2,  Ss,  •  •  .  ^n- 
The  Cartesian  coordinates  x,  y,  z  of  any  point  of  the  system 
are  expressible  in  terms  of  these  new  coordinates,  and  are 
therefore  functions  of  the  n  variables  ^1,  ^2,  &o.,  these  latter 
being  functions  of  the  time. 

If  we  differentiate  the  equation  x  =  /(?i,  S2,  S3,  •  •  •  ?«) 
with  respect  to  the  time  we  obtain 


I 


dx  f.      dx  ^  dx  A.  .., 

dt,i        d^i  d^n 


*  This  equation  shows  that  i  is  a  function  of  the  velocities  fi. 
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&c.,  and  of  the  coordinates  Su  &c.,  and  is  linear  with  respect 
to  the  velocities.     From  (4)  we  have 

dx      dx       dx      dx     a  ,^. 

dx 
Again,  if  we  differentiate  —^-  with  respect  to  f,  we  get 

d   dx      d^x  i        d^x     ^  d^x    a 

7td^x^  dir''^di;jKz  ^""'^  d^A^"" ' 

but  by  (4)  this  is  the  expression  for  the  partial  differential 

dx 
coefficient  — .     Hence  we  have 

d  dx  _  dx      d  dx       dx   ^  ,^. 

diWi'^d^i      dtd^2^d^,'  ^^ 

Any  set  of  n  independent  variables  which  completely  deter- 
mine the  position  of  a  system  may  be  taken  as  the  generalized 
coordinates  of  the  system.  The  number  of  these  coordinates 
is  fixed,  but  the  actual  coordinates  are  in  general  to  a  great 
extent  arbitrary. 

293.  Kinetic  Energy  and  Oeneralized  Coordinates. 

— The  kinetic  energy  T  of  any  system  in  motion  is  given  by 
the  equation  2T  =  Sm(i^  +  ^^  +  s^)  If  we  substitute  for  x, 
y,  &c.,  their  values  given  by  (4)  and  the  corresponding  equa- 
tions, we  obtain  a  homogeneous  quadratic  function  of  the  n 
velocities  |i,  tz,  •  •  .  ?n,  the  coefficients  of  5l^  ?i  ?2,  &c., 
being  functions  of  the  coordinates  5i>  ^2,  &c.,  and  of  the  con- 
stants of  the  system.  If  we  denote  these  coefficients  by  3£n, 
23£i2,  &c.,  we  have  the  equation 

2T  =  Ir^t  +  ^.^V  +  &c.  +  2%,t&  +  23ei3?i3  +  &c.     (7) 

294.    Equations    of  Motion    for    Impulses.  —  If  a 

system  start  from  rest  under  the  action  of  any  set  of  impulses 
X,  F,  Zy  &c.,  the  initial  velocities  are  determined  from 
D'Alembert's  equation  by  equating  to  zero  the  coefficient  of 
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each  independent  variation.  Now,  if  ?i,  ^g,  &c.  be  the 
generalized  coordinates, 

where  S^i,  2^2,  &c.  are  independent  arbitrary  variations. 
Hence,  substituting  for  dx,  dt/,  &c.  in  D'Alembert's  equation, 
we  obtain  as  the  equation  of  motion  corresponding  to  the 
variation  ^£1, 

_      f .  dx       ,  dy      .  dz\     ^(  ^  dx      ^^dy      ^dz 


dl,     ^^5i        d^,)     ^\  '  d^,      '  d^,      '  dK, 

The  left-hand  member  of  this  equation  becomes,  if  we  sub- 

dec       dii 
sttiute  for  ;Tgr,     -r|,  &c.  their  values  given  by  (5), 
»^i      dzt\ 

^     I .  dx       .  dy      .  dz  \        dT 
Sm \x  -t;-  +y-^  +  z  -r]  or  -^. 
V    dli,     -"  dl        d^J        d^i 

Hence,  if  we  put 

^(  -.  dx     ^  dy     „dz\      ^     „ 

we  have  for  a  system  starting  from  rest 

dT    ^      dT     ^  dT    ^ 

d^i  d^z  d^n 

In  these  equations  T  is  supposed  to  be  given  by  (7),  and 
Si,  &c.,  are  the  generalized  resultant  components  of  the 
impulses  tending  to  alter  |i,  &c. 

It  follows  from  what  precedes  that,  for  a  system  starting 
from  rest,  D'Alembert's  equation 

Sm  {xdx  +  y^y  +  zlz)  =  S  {X^x  +  Y^y  +  Zhz) 
becomes  by  transformation  of  coordinates 

4-  g^i  +  -^  8^2  +  &c.  =  s,  s?i  +  a?2  S?2  +  &c. 

dti  dii 

2E 


418  The  General  Equations  of  Dynamics. 

This  equation  may  be  written  in  the  form 

2(^S?)=2(?;8?).  (9) 

If  a  system  be  in  motion,  and  ^i,  ^2,  &c.  be  the  general- 
ized impulse  components  which  would  give  its  actual  motion 
to  the  system  starting  from  rest,  these  impulses  ^1,  &c.  are 
determined  by  the  equations 

dT  dT  dT  ,,-, 

C??l  «f2  d^n 

dT     dT 
The  differential  coefficients  -v-     -^,  &c.  are  the  gene- 

d^i      d^2 
ralized  components  of  momentum  of  the  moving  system. 

If  a  system  in  motion  be  acted  on  by  any  set  of  im- 
pulses whose  generalized  components  are  Si,  S2,  &c.,  the 
changes  of  velocity  produced  by  these  impulses  are  given 
by  the  equations 


tiJL      (dTY     _        dT     fdTY     _     „  ,,,. 


fdTY 
where  ( — ^  )  >   &c.  correspond  to   the   instant  immediately 

dT 
before,  and  -r-,  &c.  to  that  immediately  after  the  action  of 

d^i 

the  impulses.     Since  the  values  of  Ki,  &c.  remain  unaltered 
during  the  impulse,  equations  (11)  may  by  (7)  be  written 


3^11  (?i  -  ?/)  +  3^12  it  -  ?/) . . . .  +  3e,„  (5n  -  in  =  Si  \ 

^n  (?l  -  i/)  +  3^22  it  -  S/)  .  .  .  .  +  ae^n  (?n  -  ?/)  =  S2     I  .    (12) 
&C.  &C.  &C.     / 
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295.  Kinetic  Energy  and  Components  of  momen- 
tum.— Since  T  is  a  homogeneous  quadratic  function  of 
?i,  I2,  &c.,  we  have,  by  Euler's  Theorem, 

2r  =  I,  -f  Hh  ?,-|  +  &C.  =i?,|,  +p,^„  .  .  .p,,Kn.        (13) 

This  equation  may  be  written  in  the  abbreviated  form 

2r=sb5).  (14) 

If  we  suppose  the  same  system  occupying  the  same  posi- 
tion to  have  successively  two  different  motions,  in  the  first  of 
which  the  velocity-oomppnents  are  |i,  &c.,  and  in  the  second, 
I/,  &c.,  and  if  we  put  1/=  §1+  ai,  &c.,  and  express  the  cor- 
responding values  of  T  by  T^  and  T^' ,  we  have,  by  Taylor's 
Theorem, 

r^'  =  T^+Spa  +  r„,  i.e.  r|^=r^H-Sp(r-?)  +  %_^).    (15) 

If  now  we  suppose  a  system  to  start  from  rest  the  values 
of  certain  components  of  velocity  being  prescribed,  and  if 
the  system  be  set  in  motion  by  impulses  such  that  there  are 
no  components  of  impulse  except  those  corresponding  to  the 
prescribed  velocities,  the  initial  kinetic  energy  is  a  minimum. 

Let  ?i,  &c.,  be  the  velocity-components  of  the  initial 
motion  produced  in  the  manner  described,  then  pi,  &c.,  are 
the  impulse-components;  and  if  any  impulse-component />g 
be  not  zero,  the  corresponding  velocity-component  ^q  is  pre- 
scribed. Let  us  now  suppose  the  system  to  be  set  in  motion 
in  any  other  way,  the  prescribed  velocity- components  being 
the  same  as  before,  and  let  5/j  <^c.,  be  the  velocity-components 
of  the  new  initial  motion.  We.have,  then,  S^(i'-|)  =  0, 
since  whenever^ is  not  zero,  f'  =  5-  Hence  T^'  =  i|  +  2\^'_^^^ 
and  therefore  Tt  is  a  minimum. 

This  is  Thomson's  Theorem,  Art.  199. 

Again,  if  fi,  &c.,  pi,  &c.  be  the  components  of  velocity 
and  momentum  of  a  system  in  any  given  position,  and  I/, 
&c.,  pi,  &c.  the  corresponding  quantities  for  a  different 
motion  of  the  same  system  in  the  same  position,  we  have 

s(ji.r)  =  s(/i).  (16) 

2E2 
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The  truth  of  this  equation  appears  readily  by  substituting 
ii  +  li'j  &c.  for  5i)  &c.  in  T^,  and  equating  the  two  expres- 
sions which  by  Taylor's  Theorem  can  thence  be  obtained. 

296.  Energy  of  Initial  Motion. — If  we  substitute  ^idt 
for  S?i,  ^^dt  for  ^^o,  &c.  in  (9),  we  obtain  for  the  initial 
energy  T  of  a  system  starting  from  rest  the  equation 

25^=S(?:g).  (17) 

Let  us  now  suppose  that  on  a  system  having  5i,  &c.  as 
its  generalized  coordinates  constraints  are  imposed  capable  of 
being  expressed  as  in  Art.  284  by  equations  connecting  the 
coordinates  ^i,  ^2,  •  .  • .  Sn-  The  coordinates  are  then  no  longer 
independent,  and  if  the  system  be  set  in  motion  by  impulses 
Si,  &c.,  equations  (8)  no  longer  hold  good,  but  (9)  and  (17) 
remain  valid,  |i,  &c.  being  the  velocity-components  of  the 
actual  motion.  Also  T  is  the  same  function  of  |i,  &c.  as 
it  was  before  the  imposition  of  the  constraints,  the  only 
difference  being  that  certain  relations  hold  good  in  the 
constrained   motion   connecting    these   velocity-components. 

In  order  to  compare  the  initial  kinetic  energies  of  the 
system  in  the  unconstrained  and  constrained  motion,  let  ji, 
&c.  be  the  velocity-components  corresponding  to  the  former, 
and  ^i',  &c.  those  corresponding  to  the  latter,  then  by  (17) 
wejhave 

2T^'  =  2(Sr)  =  S(i9r),  also  2T^  =  ^pt 
Substituting  in  (15),  we  obtain 

%_^)  =  r^-r^.  (18) 

This  proves  Bertrand's  Theorem,  Art.  199. 

297.  liagrange's  Equations  of  Motion. — We  saw  in 

Art.  294  that 

f  .dx       .  dy       .  dz\      dT  ,,^^, 
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if  we  differentiate  each  side  of  this  equation  with  respect  to 

the  time,  and  substitute  for  —  -rr,    &c.  their  values   ffiven 

dt  dt,i 

by  (6),  we  obtain 

f    dx      ..  dy      ..  dz  \  ( .  dx      ,  dy      .  dz\     d  dT 

dz\  .      ,  .  ,     dT 
^j  IS  plainly^; 

d  dT     dT 


but 

hence  we  have 


^     f  .  dx       ,  dy       .  dz 
Sm  [x—r  +  z-^  + 
\    d^i        d^i 


dz 


^     ,     dx      .  dy 


dtd$,     d^i 


(20) 


Now  in  D'Alembert's  equation  for  continuous  forces  the 
coefficient  of  the  independent  variation  ^ii  is, 

^    I    dx      „dy      .  dz\      _( —,  dx       ^  dy      „ 
Hence,  if  we  put 

we  have,  as  the  equations  of  motion  of  any  system, 
dt  d^i      d^i 


d_  dT^_  d_T^ 
dt  d%^      d^i 


Sa 


(21) 


I 


d  dT     dT  I 

dt   d%n       d^n  J 

The  work  which  would  be  done  by  the  forces  of  the 
system  against  the  displacement  ^Si  is  -  Si^^i,  accordingly 
SJi,  &c.  are  the  generalized  components  of  force  tending  to 
alter  the  coordinates  ?i,  &c.     It  is  to  be  observed  that  the 
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forces  X,  F,  Z,  &c.  are  not  equivalent  to  the  forces  Si,  S2,' 
&c.,  unless  the  variations  ^x,  hj,  ^s,  &c.,  and  the  correspond- 
ing variations  S^i,  ^^2,  &c.,  result  by  orthogonal  projection 
from  the  same  possible  displacements  of  the  system. 
For  a  conservative  system  equations  (21)  become 


d_dT__dT_     dV  ^ 
dt  dt     dl,  ^  ^Si  " 


±dT_d^  dT^_Q     y. 

dt  d^2     d^2  d^2 

d_dT^dT_  dV_Q 

dt  d^n       d^n  d^n  J 


(22) 


Equations  (21)  and  (22)  were  first  given  by  Lagrange, 
and  are  known  as  Lagrange's  equations  of  Motion  in 
Generalized  Coordinates. 

The  proof  given  above  for  Lagrange's  equations  holds 
good  even  though  the  time  appear  explicitly  in  the  equations 
which  determine  the  Cartesian  in  terms  of  the  Generalized 
coordinates.     In  this  case  a;  =/(^i,  S2, Sn,  t),  &c.  x  then 

contains  the  additional  term  4- ;  but  the  equations 

at 

dx       dx    p        d   dx       dx 

— -  =  — ,  &c.,  —  —  =  — ,  &c., 

d^i      d^i  dt  d^i      d^i 

are  still  true,  and  therefore  the  proof  of  Lagrange's  equations 
remains  valid. 

If  we  put  L  =  T  -  V,  the  function  L  is  the  difference 
between  the  kinetic  and  potential  energies  of  the  system, 
and  is  called  Lagrange's  Function. 

Equations  (22)  may  now  be  written  in  the  form 


d_  dL 
dt  dtx 


dL 

dl. 


=  0, 


^  dL_ 
dt  d%^ 


dL 
din 


=  0. 


(23) 
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This  form  of  the  equation  of  motion  is  likewise  due  to 
Lagrange. 

298.  Deduction  of  the  Equation  of  Energy. — If  we 

multiply  the  first  of  equations  (22)  by  ?i,  the  second  by  I2, 
&c.,  and  add,  we  get 

Now  2r=S?^; 

and  therefore     2  —  =  S(j—  -^  +  ?  — r-  |, 
dt         \   dt  d^         d^  J 

hence 

V^^  di       dl)         dt  \    d^  d^J      dt'    ^     ^ 

dT      ^(i,dT     i,dT\ 

since  =  Sg-— +5-5-. 

dt  V    di         d^J 

Substituting  in  (24),  we  obtain 


hence  we  have 


dt  '^  dt 


T+V^K  (26) 


299.  Effect  of  Constraints. — If  a  system  having  n 
degrees  of  freedom  be  subjected  to  additional  constraints 
capable  of  being  expressed  by  q  equations  connecting  the 
coordinates  of  the  form  F  =  0,  G  =  0,  &c.,  we  may  either 
select  a  new  system  of  n  -  q  generalized  coordinates,  or  else 
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retain  the  old  system,  and  proceed  according  to  the  method 
of  Art.  289.     Equations  (22)  would  then  become 

d^dT_dT     dV__.dF_         dG_  . 

dt  dt     d^,  '^  d^^   "     dS,  ■*■  ^  c/?i  "^  ^'''    ^ 

d   dT     dT     dV      .dF        dG      . 
d_'dT_dT     dV         dF        dG^ 

dt    d^n       d^n        d^n  d^n  d^n  '      / 

In  the  case  of  impulses  we  may  proceed  in  a  similar 
manner,  and  still  make  use  of  equations  (8)  or  (11),  provided 
we  introduce  additional  terms  into  S?i,  &c.  representing  the 
impulses  by  which  the  constraints  may  be  replaced.  It  is 
plain  that  both  in  the  case  of  continuous  and  also  in  that  of 
impulsive  forces  the  terms  in  Lagrange's  equations  repre- 
senting the  action  of  the  constraints  disappear  from  the 
equation  of  energy. 


Examples. 

1.  Determine  in  polar  coordinates  the  equations  of  motion  of  a  particle 
•which  moves  freely  in  a  fixed  plane. 

Here     T=  ^m  (f^  +  r'^e'^),  whence 

d  dT      dT        ..  .      d  dT     dT         d  .  ^  .. 

dt  dr      dr  '   dt  dd       dd  dt^      " 

and  the  equations  of  motion  are  the  same  as  those  which  would  be   given 
by  (11)  and  (12),  Art.  28. 

2.  Determine  in  polar  co-ordinates  the  general  equations  of  motion  of  a 
free  particle. 

Here  T  =  |m  { r2  +  r^  (02  +  sin2 ^^2)  j ^ 

and  the  equations  of  motion  are 

w{f-r(02  +  sin2  0<^2)}  =J2^ 

m  I  -  (r3  e)  -  r2  sin  6  cos  0<^2  j  _  p,,^     ^      (^a  ^\^2 q^^^  ^  q^  gj^  e, 
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where  J?,  P,  and  Q  are  the  components  of  the  force  acting  on  the  particle,  along^ 
the  radius  vector  from  the  origin,  perpendicular  to  the  radius  vector  in  the 
meridian  of  the  particle,  and  at  right  angles  to  these  two  directions. 

3.  Prove  Euler's  equations  for  a  hody  having  a  fixed  point. 

The  hody-axes  heing  the  principal  axes  at  the  fixed  point,  the  expression  for 
Tin  terms  of  d,  <p,  rp  is  given  in  Ex.  5,  Art.  288.     Hence 

d  .  .        . 

—  {C^  +  Crp  cos  6}  -  {A  -  £)  sin <{>  cos «^ (02  -  4.2  sin20) 

dt 

+  {A  -  B)  sine  (cos20  -  sin^  <{>)  drp  =  *. 
If  we  substitute  03  for  ^  +  j^  cos  0  by  (12),  Art.  258,  and   then   make 

=  i  TT,  \^ 

C  ^  -  (^  -  5)  «i  0,2  =  *  =  iV.     (Ex.  4,  Art.  288.) 

4.  Generalize  Euler's  equations  for  the  case  in  which  the  hody-axes  are  not 
principal  axes. 

In  this  case  T  is  a  quadratic  function  of  wi,  «2,   «3,   with  constant  co- 
efficients (Art.  263),     Hence,  by  Ex.  5,  Art.  260, 

dT_dT  dm      dT  dw2      dT  dw^  _  dT 
d(p       dcoi  d<p       dwz  d<p       doiz  d<p       dvz 


dj^_  dT  dcoi      d_T_  dwz      dT  dws  _  dT  dT 

d<p      da>i  d(f>      d(i}2  d(p       dooz  <i<p       dcoi  dwz 


and  we  have 


1  (^\ 
dt  \d(azl 


dTl         dT 

- —  Ci>2  4-  J-  <tfl  =  *  =  iv. 

d(a\  dfoi 


5.  Two  particles  m  and  m  are  connected  by  an  inextensible  string  passing 
through  a  smooth  hole  at  the  edge  of  a  smooth  horizontal  table  on  which  m  rests  ; 
determine  the  equations  of  motion  of  the  particles,  and  the  tension  of  the  string. 

Let  r  and  Q  be  the  polar  coordinates  of  m  with  respect  to  the  hole  as  origin  \ 
then 

2T=  (m  +  m')r2  +  mr2  02, 

and  the  equations  of  motion  are 

(w  +  m')  r  —  mrQ"^  =  —  m'g,     ^—  {mr^  6)  =  0. 

If  T  be  the  tension  of  the  string,  and  h  the  value  of  mr^  9,  we  have 
mr  -  mrd^  =  -  t  (Ex.  1), 


whence 

mm 
T  =  — 
m 


yim      I  h?  \ 


6.  A  smooth  particle  descends  the  upper  edge  of  a  thin  vertical  lamina, 
which  is  capable  of  sliding  freely  down  a  smooth  inclined  plane  with  which 
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its  whole  lower  ledge  is  in  contact.  If  the  plane  of  the  lamina  be  perpendicular 
to  the  intersection  of  the  inclined  plane  with  the  horizon,  and  the  particle  and 
lamina  start  from  rest,  determine  their  position  at  any  time. 

Let  X  be  the  distance  at  any  time  of  a  point  in  the  base  of  the  lamina  from 
its  initial  position,  |  the  distance  which  the  particle  has  moved  along  the  edge  of 
the  lamina,  o  the  angle  which  this  edge  makes  with  the  inclined  plane,  )3  the 
inclination  of  the  latter,  m  the  mass  of  the  particle,  and  M  that  of  the  lamina. 

The  kinetic  energy  of  the  lamina  at  any  time  is  \  Mx"^,  and  that  of  the 
particle  is 

^m{(:r+|cosa)2  +  ^2sin2a}. 
Hence 

2T={M+  m)  x^  +  m^  +  Imx  |  cos  a. 

Again,  -  F"  =  Mgx  sin  (3  +  mff  { {x  sin  i3  +  |  sin  (a  +  i8) } , 

and  therefore  the  equations  of  motion  are 

{M+  m)x  +  m\  cos  a  =  (if  +  m)  g  sin  )8,     m  (^  +  x  cos  o)  =  mg  sin  (a  +  /3), 

whence 

1    .A  •    «     w  sin  a  cos  a  cos  )8 )      ^     ,     .{M  +  m)  sin  a  cos  )8 
x^lgtn^vn^ ———— ,    ^  =  \gf^ 


M+  m  sin^- a      )  M+m  sin^ a 

300.  Ignoration  of  Coordinates. — If  there  be  no  force 
tending  to  alter  one  or  more  of  the  independent  variables 
by  which  the  position  of  a  system  is  defined ;  if  moreover 
the  expression  for  the  kinetic  energy  of  the  system  does  not 
contain  these  variables,  but  only  their  differential  coefficients  ; 
and  if  the  system  start  from  rest ;  then  T  may  be  expressed 
as  a  function  of  the  other  independent  variables  and  their 
differential  coefficients,  and  be  treated  as  if  these  latter  vari- 
ables completely  defined  the  position  of  the  system. 

Let  ^1  be  one  of  the  independent  variables  satisfying  the 
conditions  supposed ;  then,  as  there  is  no  force  tending  to 
alter  ^i, 

d   dT      dT     ^     .      dT     .         .,.       ,       dT  ,     , 

V- ^  =  0  ;  but  — -  =  0  ;  and  thereiore  -v-  =  constant ; 

dt  d^i      d^i  d^i  d^i 

also  as  the  system  starts  from  rest,  and  T  is  a  homogeneous 
quadratic  function  of  |i,  ^2  •  •  •  tn,  this  constant  must  be  zero ; 

dT 
hence  —7-  =  0.     In  like  manner,   if  I2  be  another  variable 
d^i 

dT 
satisfying  the  same  conditions,  we  have  — ^  =  0,  and  so  on. 

d^2 
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From  the  linear  equations  -^  =  0,   -^^  =  0,  &c.,  f  i,  §2,  &c.  can 

d^x  d^2  ^ 

be  found  in  terms  of  the  remaining  differential  coejQ&cients 
Ig,  .  .  .  In.  Thus  T  becomes  a  function  of  ?g  . . .  ?n,  and  of 
their  differential  coefiQcients,  that  is 

r  =  i^(?„5,.„&c.,  ?„&c.). 

If  now  we  regard  f^,  |g+i,  &c.  as  completely  defining  the 
position  of  the  system,  Lagrange's  equations  are 

d    dF     dF     ^    ^ 
dt  d^q     d^q 

but  these  equations  are  true,  for 

dF     dT     dT  dt     dT  dt      . 
dt      dt      dt  dt      dt  dt 

dF  _dT^     dT  dt  ^dT  dt_^^^  , 
dt      d^g      dt  d^q      dt   dl^q 

dT  dT 

whence,    as     — ^  =  0,     — ^  =  0,  &c.,  we  have 

dt  dt 

dF_dT     dF_dT    ^ 
dt      dt'     d^q      d^q 

The  proposition  proved  above  is  given  by  Thomson  and 
Tait  {Natural  Philosophtj),  and  is  the  simplest  case  of  what 
they  have  termed  Ignoration  of  Coordinates. 


Examples. 

1 .  A  particle  descends  from  rest  along  one  face  of  a  smooth  triangular  prism 
which  is  supported  by  a  smooth  horizontal  plane.  The  initial  position  of  the 
particle  lies  in  the  vertical  plane  containing  the  centre  of  inertia  of  the  prism 
and  perpendicular  to  its  edge  ;  determine  the  motion. 

Let  X  be  the  horizontal  coordinate,  in  the  vertical  plane  in  which  the  particle 
moves,  of  the  centre  of  inertia  of  the  prism,  M  its  mass,  m  that  of  the  particle, 
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I  the  distance  it  has  moved  at  any  time  along  the  face  of  the  prism,  and  a  the 
angle  which  this  face  makes  with  the  horizontal  plane  ;  then 

2T  =  {M  +  m)  X'  ->c  mi^  +  2mxi  cos  a,     F  =  -  mgl^  sin  a ; 

and  the  equations  of  motion  are 

(Jf  +  m)  X  +  wi  cos  a  =  0,     mi  +  mx  cos  a  =  mg  sin  a. 

Hence,  as  the  particle  starts  from  rest, 

{M  +m)x  =  -  mi,  coso,     {M  ■\- m  sin^o)  i"=  (if  +  w)^  sin  a. 

The  student  will  observe  that  if  T  were  expressed  by  means  of  the  first  of 
these  equations  as  a  function  of  ^  alone,  and  treated  as  such,  the  second  equation 
would  be  obtained  directly  as  Lagrange's  equation, 

2.  In  the  preceding  example,  if  the  face  of  the  prism  down  wbich  the  par- 
ticle descends  be  rough,  determine  the  equations  of  motion. 

The  force  of  friction  tends  merely  to  stop  the  relative  motion  of  the  particle 
and  prism  ;  hence,  F  being  this  force,  FZf  =  —  f^PS^,  where  T  is  the  perpen- 
dicular pressure  of  the  particle  on  the  face  of  the  prism.  Now  F  =  m{g  cos  o 
4  X  sin  a),  and  therefore  the  equations  of  motion  are 

( Jf  +  w)  a;  +  mi  cos  o  =  0, 

m'(  +  mx  cos  a  =  mg  (sin  a  -  ^  cos  a)  —  nmx  sin  o. 

The  latter  of  these  equations  can  be  reduced  to  the  form 

i  cos  \  +  X  cos  {a-  \)  =  g  sin  (o  -  \), 
where  tan  \  =  fx. 

3.  A  sphere,  having  no  motion  of  rotation,  and  under  the  action  of  a  force 
passing  through  its  centre  of  inertia,  moves  through  a  liquid  extending  indefi- 
nitely in  all  directions  on  one  side  of  an  infinite  plane  :  the  liquid  being  origi- 
nally at  rest,  and  not  acted  on  by  any  force,  determrue  the  form  of  the  equations 
of  motion  of  the  sphere. 

Let  the  origin  be  anywhere  in  the  fixed  plane,  the  axis  of  x  being  at  right 
angles  to  that  plane  ;  and  let  x,  y,  z  be  the  coordinates  of  the  centre  of  the 
sphere  at  any  time,  and  |  a  coordinate  of  any  particle  of  the  liquid,  which  may 
be  defined  as  matter  which  is  incompressible,  devoid  of  resistance  to  change  of 
shape,  and  incapable  of  exercising  any  friction  against  a  surface  with  which  it 
is  in  contact. 

dT 

If  T  be  the  kinetic  energy  of  the  whole  system,  we  have  -r^  =   C,   since 

there  is  no  force  acting  on  the  liquid ;  but  as  the  liquid  was  originally  at 
rest,  and  no  impulse  was  imparted  to  it,  C  =  0.  Hence  T  is  a  function  of 
z,  y,  z,  X,  y,  z.  Again,  the  motion  of  the  system  at  any  instant  could  be  pro- 
duced from  rest  by  placing  the  sphere  in  its  actual  position,  and  giving  it  an 
impulse  sufiicient  to  impart  to  it  its  actual  velocity,  since  the  impulses  which 
should  be  given  to  the  liquid  particles  are  zero  (10),  Art.  294.  Hence,  as  the 
initial  circumstances  are  unaltered  by  changing  the  values  of  y  and  z,  T  is  a. 
function  of  x,  x,  y,  z.    Again,  a  change  in  the  sign  of  y  or  2  can  make  no  change 
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in  the  value  of  T,  which  must  therefore  he  of  the  form  \{Px^  +  Q  (y^  +  z^)}, 
since  the  coefficients  of  xy,  yz,  zx  must  he  zero. 
The  equations  of  motion  are  then 

ax  ax 


'"tls'-Si*-*"!-^^ 


I 


4.  Prove  that  a  sphere  projected  through  a  liquid  perpendicularly  from  an 
infinite  plane  houndary  is  at  first  accelerated,  and  then  tends  towards  a  con- 
stant velocity.  Show  also  that  if  projected  parallel  to  the  houndary  it  moves  as 
if  it  were  attracted  towards  the  houndary. 

Initial  circumstances  in  Ex.  3  are  altered  in  the  same  manner,  whether  we 
suppose  introduced  into  the  liquid  a  second  hounding  plane  parallel  to  the 
first,  and  between  it  and  the  sphere,  or  suppose  the  sphere  placed  initially 
nearer  the  original  hounding  plane.  Hence  a  diminution  of  the  initial  value 
of  X  is  equivalent  to  the  introduction  of  additional  geometrical  constraints 
into  the  system.  From  this  it  follows  by  Bertrand's  Theorem,  Art.  296,  that 
if  x  <  Xy  and  P'x'  =  Fx,  the  value  of  Fx~  must  exceed  that  of  F'x"^,  and  there- 
fore x'  <  X,  and  F'  >  P,  or  P  decreases  as  x  increases.  Similar  reasoning  can  he 
applied  to  Q.  If  x  he  infinite,  or  the  liquid  unbounded  in  every  direction,  F 
and  Q  are  constants. 

The  statements  made  in  the  enunciation  of  this  example  follow  then  imme- 
diately from  the  equations  of  Ex,  3,  by  making  X  and  Y  zero. 

Examples  3  and  4  are  taken,  with  some  slight  modifications,  from  Thomson 
and  Tait  {Natural  Fhilosophy). 

301.  Components  of  Momentum  and  ITelocities. — 

Equations  (10),  Art.  293,  enable  us  to  express  the  velocities 
li,  &c.  as  linear  functions  of  the  components  of  momentum 
;ji,  &c.  If  these  values  be  substituted  for  5ij  &c.  in  T,  as 
given  by  equation  (7),  a  new  expression  for  T  is  obtained 
which  is  a  homogeneous  quadratic  function  of  pi,  pz,  , ,  .  pn. 
We  shall  represent  the  two  expressions  for  T  by  Tt  and  Tp. 
Equation  (7),  Art.  293  gives  T;,  and  the  corresponding 
equation  for  Tp  is  of  the  form 

Tp  =  PnPi'  +  P22P2'  +  &0.  +  2Pi2PiP2  +  &G.  (28) 

In  this  equation  Pn,  P22,  &c.  are  functions  of  ^i,  ?2,  &c. 
Thus  T^  and  Tp  are  each  functions  of  ?i,  f 2>  &c. ;  but  these 

coordinates,  so  far  as  they  appear  explicitly,  do  not  enter  in 
the  same  manner  into  the  two  expressions  for  T     Equation 
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(14)  gives  an  expression  for  J' which  is  symmetrical  in  ?i  and 
jOi,  &c.,  and  which  becomes  T^  or  Tp  according  as  we  express 

Pi,  &c.  in  terms  of  ?i,  &c.,  or  5i,  &c.  in  terms  of  pi,  &c. 

dT 
If  we  seek  for  —  from  equation  (14)  we  obtain 

2^=?.  +  Si.^.  (29) 

dT 
Affain,  if  we  seek  for  -r—  from  (7)  we  have 
*      '  dpi  ^  ' 

^  =  ^^.^^.&c.  =  S^^.         (30) 
dpi      d^i  dpi      d^2  dpi  dpi 

dT 
Substituting  this  value  for  -7—  in  (29)  we  get 

^dT      i.      dT      ,  dT     i, 

2  3—  =  §1  +  -1— ,  whence   7-  =  §1 ; 
dpi  dpi,  dpi 

and  as  a  similar  result  holds  good  for  each  component  of 
momentum,  we  have 

dT_.      dT_.         dT     , 


The  partial  differential  coefficients  of  Twith  respect  to 
?i,  &c.  are  different  according  as  T  is  expressed  by  Tl  or  Tp. 

dT 
If  we  seek  for  -z~  from   equation  (14)    or  (7)  we  must   in 

d^i, 
each  case  regard  |i,  &c.  as  functions  of  ^1,  pi,  &c. ;  |i,  fa,  &c. 
In  this  way  we  get  from  (14), 
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and  from  (7) 

dTp      dTi  dTi  4i  dTi  d^, 

d^i       d^i  d^i   d^i  d^i  d^^ 

dTi  dt  dtz 


'^  P^  ~TEr  '^  Pi  ItT  ^  ^^'  (^^) 


I 


Hence,  by  (32),      ^^J^gJ' 

and  therefore  f  .  ^  =  0 

We  have  then  the  system  of  equations 

dTp     dT^  dTp     dT^  dTp      dT^ 

It  is  plain  that  the  reciprocal  relations  between  compo- 
nents of  velocity  and  momentum  are  analogous  to  the  polar 
properties  of  curves  and  surfaces. 

302.   Hamilton's   Equations  of  motion. — If  we  put 

Tp  +  V=^  U,  WQ  obtain  a  function  JT'of  ^i,  JO2,  &c.,  5i>  ?2,  &c., 
which  represents  the  total  energy  kinetic  and  potential  of  the 
system,  and  whose  value  is  constant.  By  the  employment 
of  U  Lagrange's  equations  of  motion  may  be  expressed  in 
another  very  symmetrical  form  due  to  Hamilton. 

By  (10),  Art.  294,  ^^  =  5^,  and  by  (34)  -  ^^  =  ^. 
Hence  Lagrange's  equations  (22)  become 

dp,  ^dU  dp^  a.  ^^    n  <^n  .dU 

Equations   (35)   have   been   termed    The   Equations   of 
Motion  of  a  system  expressed  in  the  Canonical  Form. 
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It  is  easy  to  see  that  the  equations  which  give  the  motion 
of  the  centre  of  inertia  and  the  changes  in  the  moments  of 
momentum  for  any  system  are  particular  cases  of  equa- 
tions (35). 

ExAltPLES. 

1.  In  a  moving  system  tlie  total  elementary  change  of  momentum  corre- 
sponding to  one  of  the  generalized  coordinates  is  made  up  of  two  parts,  one 
resulting  from  the  forces  acting  on  the  system,  the  other  from  the  previously 

dT 
existing  motion.     Show  that  -— -  dt  expresses  the  latter,  ^  heing  the  generalized 

coordinate. 

If  p,  &c.  be  the  impulses  which  would  give  the  existing  velocities  at  any 
dT  /dT\ ' 

instant,  — r-  =^.     At  the  next  instant  \-r=-\  =  p'- 
a|  \»|  / 

From  these  equations  it  appears  that  the  total  elementary  change  of  mo- 
mentum p'  —  p  corresponding  to  |  is 


/dT\'     dT^ 


d  dT^^ 


Now,  by  Lagrange's  equations, 


d    dT  ^  ,       dT  , 

^^^'=«^^+^^'' 

whence,  as  adt  represents  the  change  of  momentum  resulting  from  the  applied 

dT 
forces,  -—dt  must  represent  that  due  to  the  previous  motion. 
d^ 

2.  Apply  the  method  of  the  last  example  to  determine  the  components  of  the 
centrifugal  couple  in  the  case  of  p.  body  having  a  fixed  point. 

Here  IT—  A<a\^  +  Bcai^  +  Ccaz^.     If  now  a)i,  ws,  cos  be  expressed  in  terms  of 

dT  _  dT  dooi      dT    dm      dT    dio-i 
d<p      d(i)i  d(f)       duz    d(p       dio^   d(f> 

then  when  ^  =  0,  we  have.  Art.  258  and  Ex.  5,  Art.  260, 

dT 

—-  =  {A   —  B)o)\  C02. 

3.  If  the  Cartesian  and  generalized  coordinates  be  connected  by  linear 
equations  with  constant  coefficients,  show  that  there  are  no  terms  in^the  equations 
of  motion  resulting  from  the  previous  motion. 
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303.  Calculus  of  Variations. — In  the  Calculus  of 
Variations  the  form  of  the  function  which  determines  the 
dependent  variable  y  in  terms  of  the  independent  variable  x 
is  supposed  to  vary,  and  zs  being  the  symbol  of  a  given 
operation  or  set  of  operations,  the  fundamental  problem  of 
the  Calculus  is  to  determine  the  variation  of  zsy. 

If  y  =f[x),  a  change  whose  magnitude  is  infinitely  small 

in  the  function /(ii?)  must  be  of  the  form  i^fj  {x),  where  i  is  an 

infinitely  small  constant.     We   have   then  hj  =  i^  [x).     In 

consequence  of  y  becoming /(a;)  +  ^l/;  [x],  the  differential  co- 

„  .     ,  d^y  ,  d^\f     .  d^ 

eincient  -; —  becomes   -; —  +  i  -r—, 
dx""  dx"        dx" 

Hence  we  have  ^  T^  =  ~T^'  (36) 

CiX  (tx 


If 


"=1K"'"'2'---S)^"' 


the  variation  8Q  is  the  change  in  Q  in  consequence  of  y 
changing  from/(i^)  io  f[x)  +  i-\fj[x).  As  the  result  of  this 
change  of  y  the  function  F  becomes  F  +  ^F,  where 

dF  dF    dSy  .       dF     d-Sy 

dy    -^      di^^\  d(    ^^ 


^dxj  \dx^ 

and  Q,  becomes  J  Fdx  +  /  ^Fdx.    Hence  we  see  that 

^il  =  dlFdx  =  i^Fdx.  (37) 

In  the  case  of  a  definite  integral  whose  limits  are 
variable  the  complete  variation  is  the  sum  of  two  parts,  one 
resulting  from  the  variation  of  the  limits,  the  other  from  the 
variation  of  the  expression  under  the  integral  sign.     Hence 

if  Q  = 

have 


Fdx,  and  if  DQ,  be  the  complete  variation  of  Q,  we 

X 

rx" 


Da  =  F''dx''-rdx^- 


^Fdx.  (38) 


In  general  the  complete  variation  Dti  of  a  dependent 
variable  u  is  the  sum  of  two  parts,  one  resulting  from  a 
change   of  the  independent  variable  x,  the  other  from   a 

^  2F 
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change  in  the  form  of  the  relation  connecting  u  with  x.  In 
the  Calculus  of  Variations  the  symbol  ^  is  restricted  to  varia- 
tions of  the  latter  kind.     Hence,  in  general, 

Du  =  ^dx  +  hi.  (39) 

dx  ^     ^ 

Examples. 

1.  A  particle  under  the  action  of  gravity  is  constrained  to  move  from  one 
given  point  A  to  another  B  along  a  smooth  plane  curve  ;  determine  the  nature 
of  the  curve  so  that  the  time  of  descent  may  be  the  least  possible. 

The  curve  obviously  lies  in  a  vertical  plane  passing  through  the  points 
A  and  B. 

Let  the  axes  of  x  and  y  be  a  vertical  and  horizontal  line  in  this  plane,  the 
positive  direction  of  x  being  downwards,  and  let  v  be  the  velocity  of  the  particle 
in  any  position,  then,  if  the  origin  be  properly  selected, 

ds 

v^  =  2gx,  and  therefore  dt  =  -. 

V2ffx 

Hence,  if  n  =        J-tt^  dx,    where    i?  =  -^, 

ixQ^   2gx  dx 

■we  have  to  determine  2/  as  a  function  of  x  so  that  n  may  be  a  minimum,  and 
therefore  5n  =  0  for  all  possible  variations  of  y.     Now 

Sn=        -j===.--dx; 
ixQ  V2ffx{l+p-)  dx 

hence,  integrating  by  parts,  and  neglecting  the  terms  outside  the  integral  sign, 
since  yi  and  yo  are  given,  and  therefore  5i/i  =  5«/o  =  0,  we  have 

d 


ixo  dx\V2ffx{l+p'-)J 


=  0. 


but  5y  being  arbitrary,  this  equation  cannot  be  true  for  all  values  of  5y,  except 

d    p 

dx  V2^a;  (1  +  p) 
Integrating,  we  have  p"^  =  2gc^x  (1  -\-p^). 

If  we  put        - — -„  =  a,  and  p  =  tan  9,    we  get  x  =  a  siD?d,    -/■  =  tan  0. 
2ge^  dx 

dy      dy  dx       ^       .   ^       .  .     .  . 

Agam  -y  =  -J-  —  =  2a  sm-O ;  nence  we  obtain,  as  the  equations  of  the 
dO      dx  ud 
curve,     a;  =  «  sin'-f^,     y  =  a{d  —  sinO  cos B)  +  b,     w^here  a  and  b  are  arbitrary 
constants. 

The  curve  is  therefore  a  cycloid  [Differential  Calculus,  Art.  272). 
This  problem  is  one  of  great  interest  in  the  history  of  Mathematics,  as  its 
proposal  by  John  Bernoulli  in  1696  led  to  the  invention  of  the  Calculus  of 
Variations. 
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2.  Prove  that  for  any  system  of  coplanar  forces  the  curve  of  quickest  descent 
is  such  that  at  each  point  the  pressure  on  the  curve  due  to  the  forces  is  equal  to 
that  due  to  the  motion. 

Here  ^  =  J  a-  ^^ '  ^^^c®>  putting  5n  =  0, 

we  have,  after  integrating  by  parts,  —    ^z=    4-  — —  =  0. 

dx\v\/  l+p^ )  v^  dy 

,      ,  d    /sin  Q\  1         dv 

If  we  put  p  =  tan  9,  this  equation  becomes  -—  | +  — —  =  0, 

dx  \    V    }       v^cos  6  dy        ' 

1   ^sin0      sine  (dv  dv\  1         dv 

that  is, r-     —  +  tan  0  —     + —  =  0  ; 

V      dx  v^      \dx  dyl       v^  co%  Q  dy 

do      1  /dv    .  dv  \ 

whence  cos  fl  -7-  =  -  ( -r-  sm  0  -  -7-  cos  0  ) . 

dx      V  \dx  dy  J 

dx        .  dy  ,  .1       £  o^^  l^v    dy      dv  dx\ 

Now   cos  0  =  — ,     sin  0  =  -— ,     and  therefore   v^-—  =  v[—-  -^ —  ): 

ds  ds  ds  \dx  as      dy  ds  J 

dd 
also  J-  =  p,  where  p  is  the  radius  of  curvature,  and  mv"^  =  2  ^{Xdx  +Ydy) ; 

hence,  substituting,  we  obtain 


mv 


dx 


=  X  —-  —  Y 
p  ds  ds^ 

which  proves  the  theorem  in  question. 

The  curve  of  quickest  descent  is  called  the  Brachystochrone.  The  propo- 
sition here  proved  is  a  case  of  a  more  general  theorem  in  the  Calculus  of  Varia- 
tions, for  the  discussion  of  which  the  reader  is  referred  to  Jellett's  Calculus 
of  Variations,  p.  140,  or  to  the  Encyclopcedia  Britannica,  vol.  24,  p.  86. 

3.  Deduce  Lagrange's  equations  of  motion  in  generalized  coordinates  and 
the  corresponding  equations  for  impulses  from  D' Alembert's  Principle  by  means 
of  the  Calculus  of  Variations. 

If  X,  y,  z  be  the  coordinates  of  any  particle  m,  T  is  given  by  the  equation 
T  =  '2,m{x^  +  y~  +  z^)  ;  but  T  can  also  be  expressed  as  a  function  of  the  gene- 
ralized coordinates  |i,  &c.,  and  velocities  |i,  &c.  As  these  two  expressions  for 
Tare  always  identical,  so  also  are  the  expressions  for  J  STc?^  derived  from  them  ; 
we  have  therefore 

f         /.dSx      .dSy      .dSz\    ,        C/dT  ^^      dT  dUi       „     \ 

If  we  integrate  by  parts  each  side  of  this  equation,  the  terms  remaining 
under  the  integral  sign  on  one  side  must  be  equal  to  those  remaining  under  that 
sign  on  the  other,  and  a  similar  equality  must  hold  good  for  the  terms  outside 
the  integral  sign  at  each  limit.     Hence  we  have 

(d  dT     dT\  Id  dT      dT\  ^         „  ,  .         .. 

[it  m  -  li[)  '«■  ■'[Mil-d^)'^'^  *"•  =  ="*("'"  +  ^'*  +  ^'^>' 

dT'  dT' 

and  -T-7  5|i'  +  -^  SI/  +  &c.  =  2w  [x'  hx'  +  y'ty'  +  z'^z'). 

»|i  a|2 

2  F  2 
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Since  the  limits  are  arbitrary  the  latter  equation  may  be  written 
dT  dT 

If  -we  now  employ  D'Alembert's  Principle,  the  equations  of  motion  are 
immediately  obtained. 

304.  lieast  Action. — The  integral  J  2  Tclt  taken  between 
two  given  configurations  of  a  system  is  termed  the  Action  of 
the  system  in  passing  from  one  of  these  configurations  to  the 
other.     If  we  denote  the  action  by  -4,  we  have  the  equation 


^  =  2 


Tdt,  (40) 


where  H  and  t"  correspond  to  the  initial  and  final  configura- 
tions of  the  system. 

If  V  be  the  velocity,  m  the  mass,  and  s  the  path  of  any 
particle  of  the  system,  it  is  plain  that  A  may  be  expressed 
*also  by  the  equation 


A  =  ^m 


vds  =  Sw      {xdx  +  ifdy  +  s^s),        (41) 


where  s  and  s'  are  in  any  individual  motion  the  values  of  s 
for  the  particle  m  in  the  initial  and  final  configurations. 

The  Principle  of  Least  Action  asserts,  that  subject  to  the 
condition  imposed  by  the  equation  of  energy  the  mode  in 
which  a  conservative  system  passes  from  one  configuration  to 
another  is  such  that  the  action  is  a  minimum. 

The  equation  of  energy  is  T  +  V  =  U,  where  U  is  con- 
stant, and  V  a  given  function  of  the  coordinates.  This 
equation  determines  T  as  a  function  of  the  coordinates,  but 
not  V  the  velocity  of  an  individual  particle.     Hence  the  value 

of     ^  i'ds  depends  not  only  on  the  initial  and  final  positions  of 

the  particle,  but  also  on  the  relation  which  in  any  individual 
actual  motion  exists  between  v  and  s.  If  we  consider  the  ex- 
pression for  A  given  by  (40)  it  is  plain  that  the  value  of  A 
depends  on  the  equations  which  are  supposed  to  determine 
the  coordinates  in  terms  of  t  in  any  individual  motion  of  the 
system,  and  the  Principle  of  Least  Action  asserts  that  in 
the  actual  motion  of  the  system  these  equations  are  such  as 
to  render  A  a  minimum.     The  student  should  observe  that 


Least  Action,  437 

in  (40)  the  limiting  values  of  t  are  not  given.  In  fact,  when 
the  initial  and  final  configurations  are  given  the  correspond- 
ing values  of  t  depend  upon  the  actual  motion  of  the  system. 

To  show  that  ^  is  a  minimum  in  the  actual  motion  we 
must  suppose  the  forms  of  the  functions  by  which  x,  &c.,  are 
expressed  in  terms  of  t  to  vary,  and  prove  that  the  consequent 
variation  of  A  is  zero. 

We  have  then  by  (38) 

BA  =  2rdf  -  2rdf  +  J  2^Tdt. 
Now  ST+  SF=  0,  and  therefore  we  get 

DA  =  2r'dr -  2rdt'  +  j{ST-^V)dt; 
also,  since  2T  =  '2m{x^  +  y^  +  z"^), 

we  have  dT=  2m  {xEx  +  y^y  +  zSs), 


hence 


S 


^Tdt=\^M{x—-.y-^.z-yt.  (42) 

If  we  integrate  each  term  by  parts,  and  substitute  in  the 
expression  for  DA,  we  obtain 

DA  =  2r'df-2rdf 

'^^rnx^^^i^^^rny^y^^^^^  (43) 

Now  by  D'Alembert's  equation  the  part  under  the  inte- 
gral sign  must  be  zero,  and  therefore  if  the  part  outside 
that  sign  be  likewise  zero,  we  have  DA  =  0. 

But        2r'dt''  +  ^m  (po'  ^x''  +  f'^y''  +  i"  gs'') 

=  Sm  [of'  {df'df  +  ^x")  +  y''  {fdf  +  hf)  +  z'\z''dt"  +  gs") ) , 

and  x'df'  +  ^x\  &c.  are  by  (39)  the  complete  variations  of 
x'\  &c.,  and  therefore  must  each  be  zero,  since  x\  y'\  z\  &c. 
are  invariable,  being  the  coordinates  of  the  particles  of  the 
system  in  its  final  configuration,  which  is  given.  Hence,  as 
similar  results  hold  good  for  the  other  limit,  we  obtain 
DA  =  0,  and  therefore  may  conclude  that  ^  is  a  minimum 
or  a  maximum. 
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If  the  potential  energy  of  a  system  be  given  as  a  function 
of  the  generalized  coordinates,  the  Principle  of  Least  Action 
enables  us  to  arrive  at  its  equations  of  motion. 

To  obtain  the  equations  of  motion  in  this  manner  we  must 
seek  to  determine  the  generalized  coordinates  as  functions  of 
t  in  such  a  way  as  to  make  A  a  minimum,  subject  to  the 
condition  that  T  +  V  =  constant.  This  condition  gives 
ST+  SF=  0,  and  therefore  if  A  be  an  indeterminate  quantity 
we  must  have,  when  ^  is  a  minimum, 

DA+l\{^T-^W)dt  =  ().  (44) 

In  this  equation  the  variations  ^'|i,  &c.  may  be  regarded 
as  independent  and  arbitrary,  provided  we  can  determine  A 
so  as  to  satisfy  the  equation  T  +V  =  constant. 
dT  dEKi      dT 


If  we  substitute 


dV, 


+  —  ^Si 
c?5i     dt       d^i 


+   &c.   for  gr  and 


-^  S5i  +  &c.  for  ^F  in  (44),  we  get,  after  integrating  by 
ac,i 

parts,  for  the  terms  under  the  sign  of  integration, 

dt 


\[ 


(._     .^dT    .dV 

{ (2  +  A)  —  +  A 

(  di,        d^, 


d^i- 


g?i  +  &c. 


dt. 


Hence,  as  the  part  under  the  integral  sign  must  vanish 
independently  of  the  terms  outside  that  sign,  and  as  S^i,  &o. 
are  independent  and  arbitrary,  we  have  the  system  of  equa- 
tions 

dT  dX      ^  "1 


(2  + A) 


(2  + A) 


rdT  _  d_  dT\        dV 


\dKi     dt  dtJ        dKi      dt  dt 


0 


\dK. 


dt  d^2 
&c. 


[dT_d_dT\     ^dV_dTdX^^y 


d^2      d^2  dt 


0 


(45) 


If  we  multiply  the  first  of  these  equations  by  ?i,  the 
second  by  fa,  &c.  and  add,  we  have 


(2  +  A)sf— ---^    ?  +  AS—? 
\dt,i      dt  d^  J  dt. 


dX  ^^  dT 

dt        dt 


0.       (46) 
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Hence,  by  (25)  and  (13),  we  obtain 

^^""^ '''  lt-2Tx-W-2Tldi^^-  (*^) 

This  equation  becomes  the  same  as  the  equation  of  con- 
dition T  +V  =  constant,  provided  X  =  -  (2  +  A),  or  X  =  -  1. 
Equations  (45)  then  become  the  same  as  Lagrange's  Equa- 
tions (22).  It  is  easy  to  see  that  if  X  =- 1,  the  terms  outside 
the  sign  of  integration  in  (44),  after  integrating  by  parts, 
vanish  of  themselves  when  the  limiting  values  of  2i>  Sz,  &c. 
are  given. 

Some  eminent  mathematicians  have  deduced  the  equa- 
tions of  motion  from  the  Principle  of  Least  Action  in  a 
strangely  illogical  manner. 

305.  Hamilton's  Characteristic  Function. — The 
motion  of  a  given  system  having  n  degrees  of  freedom  whose 
potential  energy  is  a  given  function  of  the  coordinates  is 
completely  determined  if  the  initial  values  of  the  generalized 
coordinates  and  velocities  be  given.  At  any  subsequent  un- 
determined time  t  we  have  n  equations  connecting  t  with  the 
corresponding  values  of  the  coordinates  and  the  2n  quantities 
previously  assigned.  If  t  be  eliminated  from  these  equations 
n  -  1  remain.  Again,  the  kinetic  and  potential  energies  are 
at  any  time  connected  by  the  equation  T  +  V  =  JE,  which 
gives  another  relation  between  the  2n  assigned  quantities. 
Hence  we  conclude,  that  if  the  initial  values  of  the  coordi- 
nates be  given,  and  also  their  values  at  any  subsequent 
undetermined  time,  along  with  the  total  energy  E  of  the 
system,  the  motion  is  completely  determined. 

It  follows  from  what  has  been  said  that  the  action  ^  of  a 
system  in  passing  from  one  configuration  to  another  is  a 
determinate  function  of  the  initial  and  final  values  of  the 
coordinates  and  of  the  total  energy.  This  function  is  called 
by  Hamilton  the  Characteristic  Function.  Whenever  it  can 
be  assigned  it  furnishes  us  with  the  first  and  second  integrals 
of  the  equations  of  motion,  as  we  proceed  to  show. 
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Suppose  each  of  the  initial  and  final  coordinates,  as  well 
as  the  total  energy  of  the  system,  to  be  slightly  altered,  then 
each  coordinate,  at  any  intermediate  time,  receives  a  corre- 
sponding variation,  and  so  likewise  does  T,  the  kinetic  energy 
of  the  system.  Now  ^  =  2  J  Tdt,  and  therefore  ^A  =  J  2^Tdt ; 
but  gr+gr=^J5',  hence 

^A==l[lT-v^E-^V)dt.  (48) 

If  in  this  we  substitute  for  J  ^Tdt  its  value  given  by  (42) 
and  integrate  by  parts,  we  find,  as  in  (43),  that  the  part 
under  the  sign  of  integration  must,  in  virtue  of  D'Alembert's 
equation,  be  zero.  Hence  ^A  must  consist  entirely  of  the 
terms  outside  the  sign  of  integration.  To  ascertain  what 
these  are  when  T  is  expressed  as  a  function  of  the  generalized 
velocities  and  coordinates,  we  must  put  for  ST  in  (48)  the 
expression 

\d^  di     dt  J 

Since  ^A  as  shown  above  consists  entirely  of  the  terms 
outside  the  sign  of  integration,  if  gi,  I2,  &c.,  ?/,  ^2',  &c.,  be 
the  final  and  initial  coordinates,  we  obtain  thus 

dT  dT  fdT'  dT'  \ 

^    ^     di,      di,  Ugi'      ^?/        ^ 

dT  • 
Now  DA  =  2Tdt  -  2rde  +  g^,  and  2^  =  S  ^  ?, 

hence  by  (39)  we  get 

DA  =  (t-  f)  IE  +  pMi  +P'Mz  +  &c.  -  (p/Z>?i'  ^p^D^:  +  &c.) 

where  ^1,  &c.  have  the  same  meaning  as  in  (10). 

Again,  A  being  supposed  to  be  expressed  as  a  function  of 
the  initial  and  final  coordinates  and  total  energy  of  the 
system,  we  have 

^  .     dA  ^^    dA  ^5,     o      dA  ^^^  dA  ^^,    p        dA  ^^ 
DA=^  — Dgi+ — i)g2+&c.+  —  jDg/+ —  i)y+&c.+  —  6E. 

di,     di,  di\      di\  dE 


rfi;  ~  ^"   rfs. "  ^'"  ■  ■  • 

din" 

dA          ,    dA 

dU     ^"  rfS/—-^^'-- 

dA 

^^  =  t-t'. 
dE 
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Comparing  the  two  expressions  iorDA,  and  remembering 
tliati)^,,  Dga,  &c.  D?/,  i)!.',  &c.  and  ^U  are  independent  and 
arbitrary,  we  get 

dA  clA  dA  ,.-. 

>«;  (49) 


-K;      (50) 


(51) 

Equations  (49)  and  (51),  if  E  be  eliminated,  furnish  ex- 
pressions for  ii,  ia,  &c.,  in  terms  of  the  coordinates  and  the 
time,  in  other  words,  the  first  integrals  of  the  equations  of 
motion.  Equations  (50)  and  (51),  if  E  be  eliminated,  enable 
us  to  express  the  coordinates  themselves  as  functions  of  the 
time,  and  so  furnish  the  second  integrals  of  the  equations  of 
motion.  In  each  case  the  initial  coordinates  5/,  &c.,  and 
•components  of  momentum^/,  &c.,  are  supposed  to  be  given. 
It  is  to  be  observed  that  if  we  desire  to  have  the  first  inte- 
grals in  their  usual  form,  in  which  the  arbitrary  constants  are 
determined  from  the  initial  velocities,  we  must  employ  all  the 
equations  (49),  (50),  and  (51),  and  eliminate  5i,  &c.,  as  well 
as  E. 

In  the  case  of  a  set  of  free  particles,  equations  (49)  and 
(50}  become 

dA         .      dA         .      dA         .     dA         .     .  ,_, 

d^r ''''''''  dy-r"^'^''  d^r ""'''''  ^=^^^^'^'-'   (^^^ 

^^  ..  <5?v4  .,  dA  .,  dA  .,  ^     ,.^, 

4^'  =  -^^^^ '  di(  =  -^^^^ '  ^'  =  -^^^^ '  ^'  =  -  ^^^^ '  ^''  (^^) 

The  function  A  satisfies  certain  partial  differential  equa- 
tions by  which  it  may  sometimes  be  determined.  These 
equations  are  obtained  thus  : — Multiply  the  first  of  equations 
(49)  by  5i,  the  second  by  I2,  &c.,  and  add,  and  we  have 

tJ  A    .        rl  A    . 

g|,+gg,  +  &e.  =  2T=2(^-F).         (54) 
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In  like  manner,  from  (50)  we  get 

^,?/  +  ^,  g/+  &c.  =  -  2r  =  2  {V'-E),       (55) 

In  equation  (54)  we  must  remember  that  5i>  S2,  &c.  are 
supposed  to  be  expressed  as  functions  of  ^1,^2,  &c.,  and  thus,, 
finally,  as  functions  of 

dA     dA 

dK^     dV 

A  similar  remark  holds  good  for  (55). 

In  the  case  of  free  unconnected  particles,  equations  (54) 
and  (55)  take  the  simple  forms, 

4PJ*(f)-*(S)l=^<-n.   <-) 

Examples. 

1 .  Find  the  characteristic  function,  and  the  initial  and  final  integrals  in  the 
case  of  a  body  falling  vertically. 

Here  there  is  only  one  coordinate,  z  the  height  of  the  body  from  the 
ground.  Since  gravity  tends  to  diminish  z,  the  potential  energy  V  =  mgz^ 
and  E  =  T  +  mgz.    "We  have,  then. 


wr^)-(— )•  ie)-(— ■ 


where  z'  is  the  initial  height.     If  we  attribute  the  negative  sign  to  the  square 
root  in  the  first  of  these  equations,  we  get,  by  integrating. 


Zg\m} 


In  this  equation  (7  is  a  function  of  z',  and  is  to  be  determined  from  the  second 
differential  equation  for  A.  Kemembering  that  A  must  vanish  when  z  —  z\ 
we  get  finally 

^_m  U2{E-mgz)\%       /2{E- mgz')\i\ 
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We  have,  then, 


dA  lliE-mgz)  .,        ,         dA  \l(E-mgz') 

z=pi  =  -=-  =  -m  J ,     mz'=pi'=--—  =  -m      ', 

dz  yj         m  dz  \  m 

1  U'l{B-mgz)\\       ri{E-mgz')\\\ 


_  dA 
*~~dE 


If  we  eliminate  JE  and  z'  from  these  three  equations,  and  put  z'  =  —  v',  we 
get  the  ordinary  first  integral  of  the  equation  of  motion  in  which  the  initial 
velocity  is  supposed  to  he  given.  If  we  merely  eliminate  JE  between  the  last 
two  of  the  above  equations,  and  put  z'  =  —  v',  we  get  the  ordinary  final 
integral. 

The  resulting  equations  are    z  =  —  {gt  +  v').    z  =  -  g  —  -  v't  -\-  z' . 

The  signs  which  we  have  attributed  to  the  square  roots  correspond  to  the 
motion  of  a  falling  body  projected  vertically  downwards.  The  results  which 
hold  good  in  the  other  cases  of  the  motion  of  a  body  falling  vertically  are 
deduced  from  the  general  equations  by  giving  the  proper  signs  to  the  square 
roots. 

2.  A  material  particle  is  acted  on  by  an  attractive  force  passing  through  a 
fixed  point,  and  varying  directly  as  the  distance  ;  find  the  characteristic 
function. 

Let  m  be  the  mass  of  the  particle,  and  fir  the  magnitude  of  the  force  at  the 
distance  r,  then 


dV  u 

-—-  =  -  fix,     and     V=-{x'^  +  y"^). 

dx  2 


Hence  we  have 


{a) 


If  we  assume 

the  equation  (a)  is  satisfied,  provided 

ci  +  C2  =  2E.  {c) 

dA  dA 

Since  the  differential  equation  to  be  satisfied  by  — -  and  — ;  is  similar  to  («)v 
^  ^  dx'  dy'  ^  ' 

and  since  A  must  vanish  when  x  =  x'  and  y  =  y\  we  have 


2VAt 


--n/^--J.^-^SW^.W0-7/^) 


-"'J^-^iJ-^^^-Wi^-^^-'J^^I 


(d) 
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In  this  expression  for  A  the  constants  c\  and  c^  are  subject  to  the  condition 
tfi  -f  c;2  =  2-E'.  In  order  that  A  should  be  expressed  as  a  function  of  x,  y,  x\  y\ 
and  E^  a  second  equation  connecting  c\  and  c%  with  these  quantities  is  required. 
This  equation  is,  in  fact, 


r>  ^  ^t^  -  Bin-'  «•  J^  =  sm->  s,  ^^  -  sm->  j,'^^. 


(«) 


Its  truth  may  be  proved  as  follows  : — 

By  equation  [d)  A  is  expressed  as  a  function  of  a;,  y,  x\  y' ,  ci,  C2,  so  that 
we  may  write  A  =  <p  {x^  y,  a;',  j/',  c\,  C2).  An  equation  must  exist  between 
<-i,  ^2,  a;,  y,  a/,  y',  by  means  of  which  ^  can  be  transformed  into  y\i{x,  y,  x\  /,  c\  +C2)- 
We  have,  then, 

d^      d<f>      d<p  dci      d\j/      d<p      dip  dc\  d\p  _d\p 

dc\      dci      dci  dc\      dcz      dc-z      dc\  da  dc\      dcz 

and  therefore  ^  f  l  -  ^U  ^  f  1  -^i?V  that  is,  ^  ^ci+  ^  do,  =  0. 
dc]\        dc2/       dc2\       dc\l  dcx  dco 

dd)       d<b 

Again,  dc\  +  dcz  =  0,  since  c\-\-C2  =  2JE.  and  therefore  we  have  -—  =  -^ . 

°  dci      dc2 

Hence  the  required  relation  between  ci  and  C2  must,  in  virtue  of  {c),  be  capable 

of  being  expressed  in  the  form,  ~  =  -^.     The  expressions  for  -—   and  -7— 
^       ^  dci      dc2  dc\  dcz 

^re  found  most  easily  from  {b).    From  these  equations  we  have 

dA         /—     / ,  d?'A  \/ m 

-—■=  a/  m  \^  c\  —  fix^j     whence  z-3—  = * 

dx  dxdex      2  a/(ci  -  fix'') 

Integrating,  we  have 

dA      ,     /-  f*  dx  I     h  f  •    I       /w        •    1    '    //*\ 

dci      2V       ]  ^' w  (ci  -  fix^)     2  \/i  \  yci  ScJ 

In  like  manner 


dA 

dC2 


,/^"(sin-vJ^si.-...V|) 


hence,  since    -—  =  r—.  we  have  ie). 
dc\      dc2 
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CHAPTEE  XIII. 

SMALL     OSCILLATIONS. 

306.  Introductory  Considerations. — When  a  material 
system  in  equilibrium  under  the  action  of  any  forces  is 
slightly  disturbed,  the  several  points  of  the  system  in  many 
cases  tend  to  return  to  their  original  positions.  In  such 
cases,  if  the  distance  of  each  point  from  its  position  of  equi- 
librium remains  during  the  motion  very  small  as  compared 
with  the  other  magnitudes  on  which  the  motion  depends, 
the  system  performs  small  oscillations. 

Some  cases  of  small  oscillations  have  been  already  con- 
sidered in  Articles  102  and  193.  The  simplification  of 
the  problem  in  the  case  of  small  oscillations  has  been  exem- 
plified in  the  articles  referred  to,  and  consists  in  neglecting 
the  squares  and  higher  powers  of  small  quantities. 

Before  proceeding  to  the  general  theory  of  small  oscilla- 
tions we  shall  illustrate  the  method  by  the  consideration  of  a 
few  elementary  cases. 

307.  Oscillation  on  a  Plane  Curve. — We  commence 
with  the  small  oscillation  of  a  particle,  under  the  action  of 
gravity,  on  a  smooth  vertical  circle. 

Taking  the  lowest  point  on  the  circle  as  origin,  the 
vertical  diameter  as  axis  of  z,  and  the  tangent  as  that  of  x, 
the  equation  of  the  circle  is 

2az  =  x^  +  z\  (1) 

where  a  is  its  radius. 

Also,  by  D'Alembert's  principle  (Art.  196)  we  have 

x'^x  +  z^z  +  g^z  =  0.  (2) 

Now,  for  a  small  oscillation  x  must  be  small  throughout 
the  motion,  and  consequently  s  is  a  small  quantity  of  the 
second  order. 
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Hence,  to  the  degree  of  approximation  required,  we  have 
a^z  =  x^x,     and  az  =  xx;     therefore  az  =  xx  +  x^ ; 
we  may  accordingly  neglect  z,  and  equation  (2)  becomes 

X  +-  x]^x=0,    or  X  +-  x=  0. 
a    J  a 

The  integral  of  this  equation  is 

^  =  A-siny^  +  x)  (3) 

as  in  Art.  102.         ^ 

In  like  manner,  if  any  curve  be  taken  instead  of  the  circle, 
its  equation,  referred  to  the  tangent  and  normal  at  its  lowest 
point,  may  be  written 

2s  =  Cox"^  +  2cixz  +  2c2Z^  +  &c. 

Accordingly,  neglecting  terms  of  a  higher  order  than  the 
second,  we  have  Ss  =  Ct^vdx,  and  it  is  readily  seen  that  z  may 

be  neglected  as  before  ;  also  observing  that  Co  =  -  {Biff.  Cal., 

Art.  230),  where  p  is  the  radius  of  curvature  at  the  origin, 
we  get  immediately  from  (2), 


X  =  k  Bm  it  l-  +  X 


This  shows  that  in  all  such  cases  the  motion  is  represented 
by  a  simple  harmonic  function. 

308.  Oscillation  on  a  Smootli  iSurface. — We  shall 
next  consider  the  case  of  a  small  oscillation,  under  gravity, 
on  a  smooth  spherical  surface. 

Taking  the  origin  at  the  lowest  point  on  the  sphere,  and 
the  z  axis  vertical,  the  equation  of  the  sphere  is 

2az  =  x^  +  y''  +  z\  (4) 

Also,  from  D'Alembert's  principle, 

xlx  +  ^ly  +  z^z  +  g^z  =  0.  (5) 
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Here  we  may  neglect  z^  and  z  as  before,  and  thus  we  obtain 
immediately 

\       a      J  \       a    J 

Hence  x  +  -  x=0,     P  +  -  y  =  0  ; 

a  a 

accordingly  we  have 

x  =  m8m  M^  +  x\     y  =  '>^  sin  (t\^  +  x 

where  m,  n,  xu  X2  ^^^  arbitrary  constants. 

These  equations  may  also  be  written  in  the  form 


iT  =  a  sm 


iin  M-  +  a'  cos  t    - 
\a  \a 


(6) 


I 


in  which  a,  j3,  a\  /3'  are  small  arbitrary  constants,  whose 
values  depend  on  the  initial  circumstances  of  the  motion. 

Hence,  if  the  particle  be  set  in  motion  with  a  small 
initial  velocity  from  a  point  near  the  lowest  point  on  a  sphere, 
its  motion  will  be  given  by  equations  (6). 

Also,  if  we  eliminate  t  from  these  equations,  we  see  that 
the  horizontal  projection  of  the  path  of  the  particle  is  an 
ellipse.     (Compare  Art.  193.) 

We  shall  now  consider  the  oscillatory  motion  of  a  particle, 
under  gravity,  on  any  smooth  concave  surface. 

Neglecting,  as  in  the  former  cases,  small  quantities  of  a 
higher  order  than  the  second,  the  equation  of  the  surface, 
when  referred  to  the  normal  and  tangent  plane  at  its  lowest 
point,  may  be  written 

2z  =  ax^  +  2hxy  +  hy\  (7) 

This  gives         Ss  =  {ax  +  hy)  ^x  +  {Jix  +  hy)^y» 
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Also  z  may  be  neglected,  as  before,  and  equation  (5)  become^. 

[x  +  g  {ax  +  JiTJ)  ]  ^x  +  {j/  +  g  {hx  +  htj)  ]  '^y  =  0. 

Hence 

X  ■¥  g  [ax  +  hy)  =  0,      y  +  g  (hx  +  hy)  =  0.  (8) 

Now,  these  being  linear  differential  equations,  we  may  put 

ij?  =  m  sin  {t  -v/A  +  x)>    ^  =  ^^  sin  (^  -v/X  +  x)  J 

this  leads  to  the  equations 

[ga  -  A)  m  +  ghn  =  0,     ghm  +  [gb  -X)n  =  0. 

Accordingly  A  must  be  a  root  of  the  equation 

ga  -  A,     gh 

gh,      gb-\ 

\-  ga 
and  n  = r-  w- 

gh 


=  0,  (9) 


Hence,  if  Ai  and  A2  be  the  roots  of  (9),  we  see  that  the  com- 
plete integrals  of  (8)  may  be  written 

x^nii  sin  {tyXi  +  xi)  +  ^^^2  sin  {t  y/\.  +  xs)  \ 


y 


...I  sin  {t  yXi  +  xi)  +       J     ffh  sin  {t  ^X^  +  xs) 
g/i  g/i 


in  which  mi,  m^,  xu  X2  ^^^  arbitrary  constants,  of  which  the 
two  former  must  be  very  small,  in  order  that  the  motion 
should  be  one  of  small  oscillation.  It  is  readily  seen  that 
this  solution  would  fail  if  either  Ai  or  A2  were  negative  ;  thus 
if  A  be  negative,  instead  of 

mi  sin  {t  v/Ai  +  xi)> 
we  shall  have  the  terms 

where  jui  =  -  Ai. 
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The  motion  will  then  not  be  a  small  oscillation,  as  this 
expression  will  increase  continually  with  t,  unless  in  the 
exceptional  case  where  ki  =  0. 

Again,  if  Bi  and  B2  be  the  principal  radii  of  curvature  at 
0,  it  is  readily  seen  that 

Ai  -  ^,       A2  -  — . 
JXi  jfCg 

For  let  the  ellipse  ax^  +  2hxy  -vhy^  =c  be  transformed  to  its 
axes,  so  that 

ax^  +  2hxy  +  hf  =  a'X"-  +  Vy  ; 

then,  since  a  ^-h  =  a'  -\-h\     and     ah  -  h^  =  db\ 

the  equation         {ga  -  X)(gh  -  A)  -  g'^h'^  =  0 

becomes  {ga'  -  A)  (gh'  -  A)  =0. 

The  roots  of  this  equation  are  ga'  and  gh' ;  but,  as  in  Art.  307, 
we  have 

«'  =  -,  b'=-, 

accordingly  for  a  small  oscillation  both  Ri  and  R2  must 
be  positive,  i.e.  the  surface  must  be  convex  towards  the  plane 
of  xy.  If  Ai  =  A2,  we  have  Ri  =  R2,  and  the  origin  is  a  point 
of  spherical  curvature.  In  this  case  a  small  oscillation  is 
the  same  as  on  the  surface  of  a  sphere,  and  is  given  by 
equations  (6). 

Examples. 

1 .  A  bar  of  mass  m  hanging  freely  from  one  extremity  is  slightly  displaced ; 
•determine  its  motion. 

Take  two  horizontal  lines  at  right  angles  to  each  other  passing  through  the 
point  of  suspension  for  axes  of  x  and  y.  Let  the  small  angular  displacements  of 
the  bar  at  any  time  round  each  of  these  axes  towards  the  other  be  6  and  <p ; 
then,  r  being  the  distance  of  any  point  of  the  bar  from  its  extremity, 

x  =  r(f>,     y  =  rdj    z^  =  r^  -  yp-  -  \/ \ 

therefore  z  =  r  (1  -  ^e^  -  ^(|)2),     5z  =  -  r  (0  50  +  </>  5^), 

2  G 


450  Small  Oscillations. 

thus  we  may  neglect  z,  and  have 

2(?mr2  (0  S0  +  <p5<p)  +  g'S.dmr  (050  +  <|)5<^)  =  0. 
Hence,  if  ^r^dm  =  vilc"^^  ^rdm  =  ml,  we  have 

.-.  0  =  a  sin  I-  ^/gl  +  Xi  j  .     </>  =  ^  sin  f  -  v^<7^  +  xaj  . 

2.  Two  balls  connected  by  a  horizontal  bar,  whose  mass  may  be  neglected, 
are  suspended  by  two  vertical  cords  of  equal  length.  The  bar  receives  a  slight 
displacement  of  rotation  round  a  vertical  axis  midway  between  the  cords  ;  find 
the  motion  of  the  system. 

Let  t//  be  the  angle  which  the  bar  makes  with  a  horizontal  line  parallel  to  its 
initial  position,  0  the  inclination  of  one  of  the  cords  to  the  vertical  (see  figure  in 
Ex.  4,  Art.  244),  I  its  length,  b  the  distance  from  the  middle  point  of  the  bar  to 
one  of  the  balls  ;  then 

x  =  bcoBy\i  =  b{l-\^'^),     t/  =  brp,     z  =  l{l-^d^); 
but  le  =  b^l>^,      .'.z  =  l(l-^-^l,A, 

and  x'  =  -  X,     y'  =  -  i/j     z'  =  z\ 

then  af,  x  ,  z,  z'  may  be  neglected,  and  equating  to  cipher  the  coefficient  of  Sip  in 
D'Alembert's  equation,  we  have 

i/^  +  f  ^^  =  0; 

therefore  ^  =  a^mlj-  t  +  xU 

where  a  and  x  ^^'^  arbitrary  constants. 

This  shows  that  the  period  of  vibration  is  the  same  as  that  of  the  pendulum 
whose  length  is  I. 

3.  A  heavy  bar  is  suspended  and  displaced  as  in  the  preceding  example ; 
investigate  its  motion. 

Let  r  be  the  distance  of  any  point  of  the  bar  from  its  centre,  and  b  the 
distance  from  its  centre  to  the  point  of  attachment  of  one  of  the  cords ;  then, 
as  in  the  preceding  example, 

b^ 
}p  j7-2  dm  +  g  -  ip  jdm  =  0; 

i 

therefore  ;//  =  osin  (t'VT^+X  )>  where ^r^dm  =  mk^. 
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4.  How  must  the  bar  in  the  preceding  example  be  suspended  in  order  that 
its  vibrations  should  be  isochronous  with  those  of  a  ball  hung  by  one  of  the 
supporting  cords  ? 

Ans.   b  =  Jc.     In  the  case   of  a  homogeneous  bar    whose  length  is  2a, 

V3 

5.  A  uniform  rod  of  mass  in  hangs  from  a  horizontal  pivot  passing  through 
one  of  its  extremities.  An  inextensible  string,  whose  weight  is  negligible, 
attached  to  the  other  extremity,  passes  through  a  smooth  ring  situated  on  the 
vertical  line  through  the  pivot  at  a  distance  below  it  equal  to  the  length  of  the 
rod,  and  sustains  a  mass  p.  The  rod  being  slightly  displaced  from  its  position 
of  equilibrium,  determine  the  motion. 

The  equations  of  motion  are 

f  ma^  d  =  —  mga  sin  Q  —  2aT,    p'z=  T  —  pg^ 

where  a  is  half  the  length  of  the  rod,  and  z  the  vertical  coordinate  of  p.  If  z 
be  measured  from  the  position  of  p  when  the  rod  is  vertical,  z  =  ^a  sin^e. 
Since  6  is  always  small,  we  may  take  sin  0  =  0  ;  substituting  for  z  and  elimi- 
nating T,  we  have 

f  a{m  +  Sp)e  +  mg  {&  +  —)  =  0. 
Hence  the  rod  returns  to  its  vertical  position  in  a  time 

\\3g\       mjj  2p-\-  mdo 

where  0o  is  the  initial  value  of  0. 

309.  Stable  Equilibrium. — A  position  of  stable  equi- 
librium is  one  from  which  a  system  has  no  tendency  to  depart 
far  if  it  be  slightly  disturbed. 

In  a  conservative  system  if  the  potential  energy  be  a 
minimum  the  corresponding  position  is  one  of  stable  equi- 
librium ;  as  may  be  shown  in  the  following  manner  : — 

From  equation  (4),  Art.  282,  we  have  T+  V-  Vo  =  To. 
Now  since  T  =  ^  ^mv^  it  is  always  essentially  positive  ;  also, 
Fo  being  the  minimum  potential  energy,  V  -  Fo  is  positive 
for  all  small  values  of  the  variables,  and  may  therefore  be 
reduced  to  a  number  of  squares  with  positive  coefficients. 
Therefore  if  T^  be  small,  each  term  both  of  T  and  of  F  -  Fo 
must  be  small,  and  must  always  remain  so.  Hence,  if  the 
original  disturbance  be  slight  the  system  can  never  depart 
far  from  the  position  of  equilibrium  nor  attain  a  high  velo- 
city.     The  position  is  therefore  one  of  stable  equilibrium. 

2  G  2 
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310.  Equations  of  Hotion  for  an  Oscillating  S)ys- 
tem. — In  the  following  investigation  of  the  small  oscillations 
of  a  system  about  its  position  of  equilibrium,  it  is  assumed  that 
the  forces  which  act  at  the  different  points  of  the  system  are 
functions  of  the  coordinates  of  those  points,  and  that  the 
constraints  and  mutual  connexions  can  be  expressed  by  means 
of  equations  between  the  coordinates. 

In  virtue  of  these  equations  the  coordinates  of  the  points 
of  the  system  are  functions  of  n  independent  variables,  and 
these  again  are  at  any  time  functions  of  their  values  in  the 
position  of  equilibrium,  and  of  the  increments  resulting  from 
the  disturbance  from  this  position  and  subsequent  motion. 
If  the  system  perform  small  oscillations  the  increments  of 
the  variables  are  all  small  quantities,  whose  squares  and 
higher  powers  may  be  neglected. 

Hence  the  equations  of  motion  involve  only  the  first 
powers  of  the  variables  and  of  their  differential  coefficients. 
In  other  words,  they  form  a  system  of  linear  differential 
equations  with  constant  coefficients. 

Let  a  1,  as,  ...  On  represent  the  values  of  the  generalized 
coordinates  in  the  position  of  equilibrium,  and 

Oi  +  ?i,    02  +  ?vj,    .    .   .  an  +  Kn 

their  values  at  any  time  during  the  motion.  Then  x,  i/,  z 
being  the  Cartesian  coordinates  of  any  point  of  the  system, 
we  have 

X  =f{ai  +  5i,  ttz  +  ?2,  .  .  .  a„  +  ^n) 

=/{a:,a3,...a.)+|^5.+|^S3...  +  |^5«  +  &C.,     (11) 
aai  Clai  dan 

whence,  differentiating,  we  get 


X 


df  ^      df  i.  df  ^ 

da^  daz  dan 


since  the   squares   and   higher  powers   of  |i,  &c.  may  be 
neglected ;  similar  equations  hold  good  for  y  and  z.     Hence 
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T,  the  kinetic  energy  of  the  system,  is  a  quadratic  function 
with  constant  coefficients  of  ?i,  I2,  &c.,  and  we  may  write 

2r=/n?i^  +f^i^'  +  &c.  +  2/,,?,?.  +  &c.  (13) 

Again,  if  V  be  the  potential  energy,  we  have 

V  =  F{ai  +  gi,  02  +  ?2,  .  .  .  a«  +  g„). 

Expanding  by  Taylor's  Theorem,  putting  Vo=  F{ai,  a^, ...  an), 
and  neglecting  powers  of  ^1,  &c.  higher  than  the  second,  we 
get 

Now  since  Fo  is  the  potential  energy  of  the  system  in  a 
position  of  equilibrium,  ^Vq  =  0  for  all  possible  variations  of 
au  a2,  .  . .  a„,  and  since  these  variations  are  independent  and 
arbitrary,  we  must  have 

^-Ks^O,p  =  0,...^^0.  (15) 

dai  daz  dan 

Hence,  if  we  put 

d'Vo  d'Vo  d'Vo  .  ,,^. 

(14)  becomes 

F  =  Fo  +  i  (gn?i'  +  q2£2'  +  2qnUz  +  &C.)  (17) 

If  we  substitute  the  values  of  T  and  V  given  by  (13)  and 
(17)  in  Lagrange's  Equations  (22)  Art.  297,  we  obtain 


/ii?i  +/12I2  .  .  .  +finin+qi£i  +  ^12^2  .  .  .  +  qm^n  =  0\ 
fxzil  +f2&  '  .  .  +/2n?ft  +  quli  +  g'22?2  .  .  .  +  q^nln  =  0 

/inSi!+/,n?2  .  .  .  ^fnntn  +  S'lnSi  +  ^2»?2  •  •  •  +  3'»n?n  =  0 


(18) 
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311.  Jiolution  of  Equations  of  Motion — Harmonic 
lleterminant. — As  in  Art.  308,  if  we  assume 

^1  =  Kai  sin  [t  v/X  +  x)>     ?2  =  ka^j  sin  [t  ^\  +  x),  &c., 

and  substitute  in  the  equations  of  motion,  we  obtain  the 
n  equations 


(/lA-  2'i2)  «i  +  (/22X  -  §'22)  «»...  +  (/anX  -  q'i.r)  an  =  ^ 

•  •  • 


(19) 


These  can  be  satisfied  by  the  ratios  of  the  n  determinable 
constants  051,^3,...  «„,  provided  X  is  a  root  of  the  equation 


/iiX  -  g'li,    fviK  —  qii,  .  . .  /inX  -  g'l, 

/ I2X  —  5'l2»       ./22X  -  $'22,     .  .    .   /2nX   —  Q2J 

Jm^  ~  Qinj     J2ii^  ~  Q_2ni  •  •  •  fnn*^  ~  Qr 


=  0. 


(20) 


The  symmetrical  determinant  which  enters  into  this 
equation  we  shall  call  A.  It  is  usually  termed  the  harmonic 
determinant  of  the  motion. 

If  the  roots  of  the  equation  A  =  0  be  all  real  and  positive, 
and  be  denoted  by  Aj,  A2,  .  .  .  X^,  the  complete  values  of 
5i)  ^2,  &c.,  are  given  by  the  equations 


|i  =  /ciaiisiii(^VAi+Xi)+K2ai2siii(WA2  +  X2)  •  •  .  +  Kn«!l«Sm  (^V^  +  Xn)' 
I2  =  Kian  sin  (^  Vai  +  xi)  +  'C2«22  sin  (^  Vaz  +  X2)  •  •  •  +  i^n(i2n  sin  {t\/  An  +  X«) 


(21) 


|M  =  /ci«nisin(ifVAi  +  xi)  +  'C2aM2  sin  {t\^\2  +  X2)  •  •  •  +«««»»»  sin  {t\/\n+Xn)^ 
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where  fci,  xi5  ^2,  Xa?  <^c.  are  arbitrary  constants,  2n  in  number, 
and  any  ^21,  •  • .  ^m  satisfy  the  n  linear  equations  for  «i,  «2, .  • .  «n 
obtained  by  putting  Xi  for  X  in  (19) ;  «i2,  fl?22,  .  .  .  ^nz  those 
obtained  by  putting  X2  for  X  ;  and  so  on. 

If  any  root  of  the  equation  A  =  0  be  real  and  negative, 
instead  of  kiGTh  sin  {t  v^Xi  +  xO?  there  will  be  in  gi  a  term  of 
the  form 

where  jui  =  -  Xi ;  and  there  will  be  corresponding  terms  in 
S2,  S3,  &c.  In  fact  if  we  substitute  Kia^e*'^!^  for  5i,  Kittze^'^'i^  for 
^2,  and  so  on  in  the  equations  of  motion,  we  get  a  system  of 
equations  which  differ  from  (19)  in  having  -  jjl  instead  of 
X,  and  which  can  therefore  be  satisfied  by  ai :  ^2,  &c.  pro- 
vided -  ju  be  a  root  of  the  equation  A  =  0.  Corresponding 
therefore  to  every  real  negative  value  of  X  there  is  a  real 
positive  value  of  ju.  In  this  case,  since  ^i,  ?2,  &c.  contain  in 
general  terms  increasing  without  limit  with  the  time,  the 
motion  cannot  consist  of  small  oscillations. 

If  we  suppose  ai,  a^,  .  ,  .  an  substituted  for  ^1,  ?2,  •  •  •  l«  ^'^ 
T^  and  for  ^i,  ^2,  .  •  •  ^n  in  V,  and  denote  the  results  of 
these  substitutions  by  T'  and  V\  equations  (19)  may  be 
written 

A(xr-F')  =  o,^^(Ar-r)=o,...^(Ar-r)=o.(22) 

312.  liemma  in  the  Theory  of  Determinants. — If 

A  be  any  determinant,  and  if  the  determinants  obtained  by 
erasing  the  first  row  and  first  column  of  A,  the  second  row 
and  second  column,  the  first  row  and  second  column,  the 
second  row  and  first  column,  be  denoted  by  An,  A22,  -  A12,  -  A21, 
and  if  also  the  determinant  formed  by  erasing  the  first  row 
and  first  column  of  An  be  denoted  by  Amj,  then  it  is  a  well- 
known  property  of  determinants  that 

An  A22  -  A12  A21  =  AA1122.  (23) 

For  the  convenience  of  the  student  we  shall  give  here  a 
proof  of  this  theorem. 


(24) 
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If  we  have  the  n  linear  equations 

axxXi  +  auX2  +  ttxzXz  .  .  .  +  axn^n  =  Vi 
Oix^x  +  0.22X2  +  GziXi  .  .  .  +  ttinpl^n  =  Vz 
a^xXx  +  ^32^2  +  ^33^3  •  •  .  +  asn^^n  =  Vz 
an\Xx  +  aniX2  +  Qn'^z  .   .  .  +  ^,m''^n  =  Vn 

and  solve  for  a^i,  &c.,  in  terms  of  ?/i,  &c.,  we  get  another 
system  of  n  equations,  of  which  the  first  two  are 

^Xx  =  Axi^Ji  +  A212/2  +  &c., 
Aa?2  =  A  12^1  +  A22y2  +  &c. ; 

whence,  eliminating  2/2,  we  obtain  between  the  n  +  1  variables 
^19  ^2,  Vxt  2/3)  ••  •  Vn  the  linear  equation 

A(A22^i  -  A2i.'?*2)  =  (All  A22  -  Ai2A20.yi  +  &c.         (25) 

Again  we  may  obtain  a  linear  equation  between  the  same 
variables  in  another  way,  viz.,  by  eliminating  x^,^  Xi, . .  ,Xn  from 
the  {n  -  1)  equations  got  from  equations  (24)  by  omitting  the 
second.     The  result  of  this  elimination  is 


aixXx   +  ax2X2  -  2/I)       ^13,       «U,    '  •  'ttm 

a^xXx  +  <5?32i^^2  -  Vi,     (tzz,     au,  "  .Ctzn 
f^nl'^l  +  <^n2^2  ~  Vm     ^n3j      ^«4j  •  •  •  ^nn 

which  expanded  becomes 

A22^i  -  AoiiTa  =  Aii22yi  +  &0. 

Since  only  one  linear  equation  can  exist  between  w  +  1  vari- 
ables of  which  n  are  independent,  (27),  when  multiplied  by 
A,  must  be  identical  with  (25).     Hence  we  have 

AA1103  =   A11A22- Al2A21. 

In  the   case  of   the  harmonic   determinant,  since  it   is 
symmetrical,  we  have  A21  =  A 12,  and  therefore  (23)  becomes 


=  0,        (26) 


(27) 


A11A22  -  A12'  =  AA] 


(28) 
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313.  Transformation  of  the  Harmonic  Determi-^ 
nant. — If  we  denote  the  quadratic  function  of  n  variables 

by  ^  and  the  function 

i(5'ii?i'^  +  $'22^2*  +  '^qiilili  +  &c.), 

by  @,  the  harmonic  determinant  A  is  the  discriminant  of 
A5^-  @,  and  the  equation  A  =  0  is  therefore  unaltered  by 
linear  transformation  of  the  variables  in  S^  and  @. 

Again,  when  ^i,  ^2,  &c.,  are  substituted  for  the  variables 
in  ^.it  becomes  the  kinetic  energy  T  oi  the  system.  Now, 
?i,  I2,  being  generalized  components  of  velocity,  whatever 
small  values  be  assigned  to  them,  these  values  will  belong  to 
a  possible  motion  of  the  system.  Hence  the  quantic  ^is 
positive  for  all  real  values  of  the  variables,  and  may  there- 
fore be  transformed  into  the  sum  of  n  positive  squares.  If 
this  transformation  be  effected  we  have 

2<9^=»?l^  +  l,3^  +  »,3^-...  +  r,n^  (29) 

2@  =  Snr]i     +  S22V2^  +  2Si2T?iT?2  +  &c.,  (30) 

and  the  harmonic  determinant  is  given  then  by  the  equation 

A  —  Sii,     —  5i2,     —  Si3)      ...  —  Si„ 

^   _    j  ~  Si2,     A—  S22>     ~  S23j       ...  —     S2n  ^  (31) 

i  I  t  t  '. 

I  .  .  . 

~  ^im     ~  S2M,     —  Ssnj      ...  A  —  8nn 

314.  Reality  of  the  Roots  of  the  Harmonic  Reter-^ 
minant  Equation. — If  the  first  row  and  first  column  of  the 
harmonic  determinant  be  erased,  and  a  similar  process  be 
applied  to  the  determinant  so  obtained,  and  again  to  the 
determinant  thus  formed  from  it,  and  so  on,  we  get  a  series 
of  determinants  beginning  with  the  harmonic  determinant 
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itself,  whose  degrees  in  X  are  n,  n-  1,  n  -  2,  &c.,  and  which 
in  the  present  Article  will  be  denoted  by  A«,An-i,  .  .  .  Ai. 

It  is  to  be  observed  that  An,  A„_i,  An-2  are  identical 
with  A,  An,  An22,  and  that  Ai  is  simply  A  -  Snn-  If  we  place 
+  1  at  the  end  of  this  series  of  determinants  we  obtain  a  set  of 
{n  +  1)  quantities,  such  that  when  any  one  intermediate  be- 
tween the  first  and  the  last  vanishes,  the  two  on  each  side 
of  it  take  opposite  signs.  When  An-i  (that  is  An)  vanishes 
this  appears  from  (28),  and  it  is  plain  that  a  similar  equation 
holds  good  for  any  three  successive  determinants  in  the 
series.     Its  last  three  terms  are. 


A  -  S(n-i)  («-i),  -  S(n-i) 

~  ^{n-l)  ny  A  —  Snn 


A        Snn  >       -I-  > 


of  which  the  first  is  negative  when  \  -  Snn  =  0. 

If  now  we  substitute  +  oo  for  A,  each  term  in  the  series 
is  positive,  and  if  we  substitute  -  oo  the  terms  are  alter- 
nately positive  and  negative.  Hence  n  variations  of  sign  in 
the  successive  terms  of  the  series  have  been  gained  in  the  pro- 
cess of  diminishing  A  from  +  oo  to  -  co  ;  but,  since  when  one 
of  the  intermediate  terms  vanishes  no  variation  is  lost  or 
gained,  a  variation  can  be  gained  only  by  passing  through 
a  root  of  the  equation  An  =  0.  In  this  way,  therefore, 
n  variations  must  have  been  gained.  Hence  the  n  roots  of 
the  equation  An  =  0  are  real,  and  a  variation  is  gained  in 
passing  through  each. 

From  this  last  observation  it  follows  that  when  An  first 
vanishes  An-i  is  positive,  and  that  it  must  become  negative 
before  An  vanishes  a  second  time,  then  again  become  positive 
before  An  vanishes  a  third  time,  and  so  on.  Hence  the  roots 
of  the  equation  An-i  =  0  separate  those  of  An  =  0.  In  like 
manner  the  roots  of  the  equation  An-2  =  0  separate  those 
of  An-i  =  0,  and  so  on. 

If  we  denote  by  ^^  and  ^<S  the  quantics  obtained,  from 
S^  and  @,  by  omitting  all  terms  containing  ^i  the  minor 
determinant  An-i  belonging  to  An  in  its  most  general  form, 
as  written  in  equation  (20),  is  the  discriminant  of  A^^-  jB, 
and  the  special  form  of  An-i,  considered  in  this  Article,  is  the 
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•discriminant  of  the  same  quantic  after  linear  transformation. 
Hence  the  general  and  special  forms  of  An-i  vanish  for  the 
same  values  of  A,  and  we  conclude  that  in  general  the  roots 
of  the  equation  A„_i  =  0  separate  those  of  A»  =  0.  It  is 
obvious  that   similar   considerations   apply   in   the   case   of 

An-2,  &C. 

The  results  in  this  Article  might  have  been  obtained 
directly  for  the  determinants  An,  An-i,  &o.,  in  their  most 
general  form  by  using  the  conditions  which  must  be  fulfilled 
[Diff.  Calc,  p.  460)  when  the  quantic  ,7  is  always  positive. 

315.  litability  of  the  motion. — If  we  make  X  zero  in 
the  series  of  determinants  An,  An-i,  &c.  of  Art.  314,  we 
obtain  a  new  series  which  may  be  denoted  by  (-1)"  Dn, 
(-  1)""^  i)«-i,  &c.,  where  i)„  is  the  discriminant  of  @,  and  the 
remaining  determinants,  Dn-i,  &c.  are  formed  from  Dn  by  a 
process  similar  to  that  employed  in  obtaining  the  former 
series. 

It  is  clear,  from  Art.  314,  that  the  number  of  positive 
roots  of  the  equation  An  =  0  is  equal  to  the  number  of  vari- 
ations of  sign  in  the  successive  terms  of  the  series  (-1)"  Dn, 

{-  1)^-^  i)n_i,    .    .    .    -A,  1. 

Hence  it  follows  that  if  Dn,  Dn-i,  &c.  be  all  positive,  the 
harmonic  determinant  equation  has  n  positive  roots.  We 
conclude,  therefore  {Diff.  Calc,  p.  460),  that  in  order  that  the 
roots  of  this  equation  should  be  all  positive,  the  quantic  @ 
must  be  positive  for  all  values  of  the  variables,  and  vice  versa. 

Without  assuming  the  truth  of  the  conditions  referred  to, 
we  may  obtain  the  same  result  in  another  way  by  employing 
the  following  transformation  : — 

We  shall  suppose  that  S^  and  @  are  of  the  form  given  by 
equations  (29)  and  (30),  and  that  the  roots  of  the  equations 
A  =  0  are  all  unequal. 

Apply  a  linear  transformation  which  will  change 

rii   +  rii  +  r]z   +  &0.    into    Z\^  +  U  +  Z^  +  &c., 
and  at  the  same  time  reduce  @  to  its  canonical  form 
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In  order  to  show  that  it  is  possible  to  do  this  by  a  real  trans- 
formation, assume 


r]2  =  »?2'2i  +  »?2"^2  +  n^'Zz  +  &c.  ^, 

»7»  =*?f/^i  +  »7«'Z2  +  »?»"'S3  +  &0. 


(32) 


where  the  ratios  rj/  :  r?/  :  rja' :  &c.,  are  determined  by  the  equa- 
tions 


S\ir\i  +  Si2>;2'  +  Si3»j3'    .    .    .    +  Sinfln    =  ^il?/    "j 

«i2r?i'  +  S22T]2'  +  S2zr]z     .    .    .    +  S^nnn    =  ^l*J2 

S\nr)i  +  S2»*?2'  +  53n*?3'    •    .     •    +  SntiVn  =  XiTj/ 

the  ratios  r?/' :  jjz"  :  m'^ :  &c.  by  the  equations 

SuVi  +  S12TJ2      .    .    .    +  5in»]»     =  A2T]i 

«12r?l  +   S22»?2        .     .     .     +   S2n»]»      =  A2l?2 

Sin»?i  +  52n^2     .    .    .    +  Snn'In     =  Aa??^ 


,    (33) 


(34) 


and  so  on. 

From  equations  (30)  and  (33)  it  follows  that  when  Ai  and 
A 2  are  unequal, 

f      ff    ,        f      fr    ,        f      ff  ,         f       ff       n  /OK\ 

Vi  vi   +  V2  V2  +  m  m    •  .  .  +  vn  Vn  =  0.        (do) 

For      Ai  (r,/  „/'  +  r,2'  Vz'  +  &C.)  =  r,/'  (^Y  +  1,2"  (jV  +  &C. 


=  Vi 


d(B' 


]  +V2   (  -J-)    +  &C.  =  A2  (rii  r\x'  +  TJ2'  rjz"  +  &C.). 


dy]ij  \dr]2j 

We  shall  now  show  that  ©  becomes  of  the  required  form. 
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^    „    ,         d^        ,d(B        ,d(B  ,dB 

in  tact  -37-  =  ^1  T~  "**  ''^  -r-  •   •  -  +  Vn  -j— 

=  A,  ( (r,/^  +  r,/^  +  1,/^  +  &C.)  Z.  +  imW  +  r?/r?/'  +  &G,)  ?,  +  &c. ) 

=  A:  (V^  +  n/^  +  r,/'  .  .  .  +  r^n'^)  ?„  by  (35). 

It  can  be  shown  in  a  similar  manner  that 

~7y-  =  ^2  ivi'^  +  n/''  •  • .  +  rin'^)  ?2,  and  so  on. 

If  then  we  assume,  as  is  allowable, 

^/'  +  m''  +  nr  . . .  +  i7n'^;=  1,  nr  +  r,r  +  r,/'^ . . .  +  7,/^  =  1,  &c., 
we  have  the  equations 

dB  ^    y  d(B         .     y        . 

-ly     =   Al4l,      -;Z^    =   A2^2)    <xC. 

Hence  2@  =  Xi^i^  +  A^^^'  . . .  +  \rln\  (36) 

and  at  the  same  time 

T]!^  +  r,.^  . .  .  +  r,,;-  =  2i^  +  4  .  .  .  +  ?.^  (37) 

The  constants  r?/,  1^2',  &c. ;  ij/',  772'',  &c.,  are  obviously  the 
values  which  ^u,  fl'zi,  &c.  ;  6fi2,  ^22,  &c.  (Art.  311)  take  in  the 
particular  case  in  which  2 ^9"  is  of  the  form  r\x   +  t]-?  ,  .  ,  +  r?^^ 

As  the  transformation  above  is  real,  it  follows  that  if  ©  be 
reduced  in  any  way  to  a  form  which  contains  only  the  squares 
of  the  variables,  the  signs  of  the  coefficients  of  the  different 
squares  are  the  same  as  those  of  Ai,  A2,  &c. 

In  order  that  every  term  in  the  general  values  of  ^i,  ^2,  &o. 
should  be  periodic,  it  is  necessary  (Art.  311)  that  all  the  roots 
of  A  =  0  should  be  positive.  This  condition,  as  we  have  just 
seen,  is  fulfilled  if  @  be  reducible  to  the  sum  of  a  number  of 
squares  with  positive  coefficients — in  other  words,  if  the  func- 
tion F(Art.  310)  be  a  minimum  for  the  position  of  equilibrium 
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of  the  system.  In  this  case,  the  system  being  slightly  disturbed 
in  any  manner  from  its  position  of  equilibrium  has  no  ten- 
dency to  depart  far  from  this  position,  and  consequently 
?i,  I2,  &c.  must  remain  small  throughout  the  motion.  The 
motion  is  then  stable  in  its  character  whatever  be  the  direc- 
tions of  the  initial  disturbances,  and  the  position  for  which 
5i,  So,  &c.  are  zero  is  one  of  stable  equilibrium. 

If  V  be  not  a  minimum  for  the  position  of  equilibrium  of 
the  system,  that  is,  if  some  of  the  coejfficients  in  @  when 
reduced  to  the  above  form  be  negative,  terms  will  in  general 
occur  in  Si,  S2,  &c.  which  increase  without  limit  with  the  time. 
In  this  case  the  position  is  not  one  of  stable  equilibrium, 
and  the  motion  will  not  consist  of  small  oscillations,  unless 
the  original  disturbances  be  such  that  the  arbitrary  constants 
multiplying  terms  in  Si,  &c.,  which  increase  without  limit  with 
the  time,  are  each  zero. 

316.  Case  of  £qual  Roots. — When  the  equation  A  =  0 
has  equal  roots,  the  solution  in  Art.  310  of  the  differential 
equations  (18)  seems  to  fail  from  not  containing  the  requisite 
number  of  arbitrary  constants ;  and  we  might  suppose  that 
terms  containing  ^  as  a  factor  would  occur  in  the  values  of 
Si,  S2,  &c.,  and  therefore  that  a  stable  motion  of  oscillation 
would  not  take  place  for  all  possible  small  disturbances. 
Lagrange  and  Laplace  both  fell  into  this  mistake,  which  was 
first  pointed  out  by  Dr.  Eouth. 

The  true  theory  depends  upon  the  circumstance  that  when 
the  equation  A  =  0  has  a  double  root  Ai,  the  system  of  n  linear 
equations  for  determining  r/i,  «2,  &c.,  Art.  311,  are  no  longer 
independent,  but  can  be  satisfied  by  {n  -  2)  of  these  quanti- 
ties, the  remaining  two  being  arbitrary. 

This  may  be  proved  as  follows  : — 


If  we  put 


A' 


A: 


~~  ^12, 


A, 


S\ni  S2ny  .  •  •  A^     Sfin 

where  Ai,  A2, .  .  .  A^  are  functions  of  A,  we  have 
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d^  _  d^  dA-,       d^  (/A2  d^  dAn  ,,.^. 

\)  dX       dXi  dX      dAz   dX  '  '  '      dAn  ^A.  * 

If  we  next  suppose  A 1=  A2  =  A3  .  .  .  =  A»  =  A,  (38)  becomes- 
-^  =  All  +  A22  .  .  .  +  Ann.  (39) 

Now,  from  (28)  it  appears  that  when  A  vanishes  An  and 
A22  have  the  same  sign,  and  this  holds  good  for  any  two  of 
the  determinants  on  the  right-hand  side  of  (39) ;  but  if  Ai  be 
a  double  root  of  the  equation  A  =  0  the  right-hand  side  of 
(39)  must  vanish  for  this  value  of  A,  and  as  all  its  terms  have 
the  same  sign,  each  must  vanish  separately.  Again,  when 
A  and  An  vanish  it  appears  from  (28)  that  A12  must  vanish 
likewise,  and  the  same  is  true  for  every  first  minor  of  A. 

We  conclude  that  when  A  is  a  double  root  of  the  equation 
A  =  0,  the  system  of  n  linear  equations  (19)  of  Art.  311  can 
be  satisfied  by  {n  -  2)  of  the  quantities  17/,  ijo'  .  .  .  »;/,  the 
other  two  remaining  arbitrary. 

A  case  of  equal  roots  has  been  already  considered  in 
Art.  308. 

We  can  now  show  that  when  two  roots,  Ai  and  A2,  are 
equal,  the  method  already  given  of  effecting  the  orthogonal 
transformation  still  holds  good  with  a  slight  modification. 
In  fact  we  have,  as  before,  Art.  315, 

Vi   Vi     +  *?2   *?2     +  oi^C.  =  U,      rji    r]i      +  rj-z     rjo     +  dec.  =  U, 
&c.  =  0,         &c.  =  0  ; 

but  in  the  present  case  rj/  :  ijo'  and  r^/' :  rja''  are  both  arbitrary, 
and  the  two  systems  r?/,  1)3',  m,  &c.  and  r?/',  1^3",  vz',  &g.  differ 
only  in  consequence  of  different  values  having  been  assigned 
to  these  two  arbitrary  ratios.  By  means  of  one  of  these  ratios 
we  can  now  satisfy  the  single  equation 

»h    Vi    +  »/2   >/2     .  .  .  +  rjn   r]n    =  f, 

whilst  the  other  still  remains  arbitrary.  Hence  the  transfor- 
mation is  complete,  but  one  of  the  ratios  which  is  determined 
in  the  case  of  unequal  roots  remains  arbitrary  in  the  case  of 
equal. 
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The  results  obtained  above  for  the  determinants  An,  A02, 
&c.  may  be  extended,  as  in  Art.  314,  to  the  first  minors  of  A 
in  its  most  general  form.  We  may  then  assert,  in  general, 
that  when  A  is  a  double  root  of  the  equation  A  =  0,  the 
system  of  n  linear  equations  (19)  can  be  satisfied  by  {n  -  2) 
of  the  quantities  flti,  ^o,  .  .  .  ^«,  the  other  two  remaining 
arbitrary. 

The  conditions  to  be  fulfilled  in  the  case  of  equal  roots 
might  have  been  deduced  at  once  from  the  consideration  that 
the  roots  of  the  equation  An  =  0  separate  those  of  A  =  0,  as 
shown  in  Art  314. 

If,  on  the  other  hand,  some  method  different  from  that 
of  Art.  314  be  adopted  to  prove  the  reality  of  the  roots  of  the 
equation  A  =  0,  then  the  method  of  the  present  Article  may 
be  employed  to  investigate,  as  above,  the  case  of  equal  roots, 
and  also  to  show  that  the  roots  of  the  equation  An  =  0  separate 
those  of  the  equation  A  =  0. 

317.  General  solution  of  the  Differential  £qua- 
tionis  in  the  case  of  £qual  Roots. — When  the  roots  of 
the  equation  A  =  0  are  all  unequal  and  positive,  equations 
(21)  may  be  written 

|i  =  «ii  sin  t  Vai  +  a'w  cos  t  Vai  +  a\i  sin  t  VA2  +  a'la  cos  t  Vaz  +  &c. 
I2  =  «2i  sin  t  V\i  +  a'21  cos  f.  Vai  +  fl22  sin  t  v'a2  +  ^'22  cos  t  V'a2  +  &c. 
^c.  =  &c. 

where  the  2n  constants  an,  a\i,  a^,  «'i2,  &c.,  in  the  expression 
for  ?i  are  all  arbitrary,  and  the  corresponding  constants  in 
Jo,  &c.  may  be  found  in  terms  of  these  arbitrary  constants 
by  the  solution  of  linear  equations,  the  equations  connecting 
rtn,  ^21,  ^3i>  '  '  '  (tni  being  the  same  as  those  connecting  a'n, 

a  31,  fl5  31,  .  .  .  fl  ni« 

If  now  two  roots  Ai  and  A2  of  the  equation  A  =  0  become 
equal,  equations  (40)  are  reduced  to  the  form 

|i  =  an  sin  t\/M  +  a'n  cos  t\/M  +  au  sin  i\/\3  +  «'i3  cos  t\/\z  +  &c.^ 

I2  =  «2i  sin  t\/\i  +  cl\\  cos^v'ai  +  «23  sin  ^V^As  +  ^'23  cos  t\/Kz  +  &c.  y..    (41) 

|m  =  «»a  sin  t  \/x\  +  «'„i  cos  ty/\\  +  anz  sin  ^\/a3  +  a' m  cos  t  V^Aa  +  &c, 


(40) 
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In  this  case  there  are  only  2{n  -1)  arbitrary  constants  in  5i; 
but  since  the  system  of  n  linear  equations  corresponding  to 
Ai  can  (Art.  316)  be  satisfied  by  {n  -  2)  of  the  unknown  quan- 
tities, the  other  two  remaining  arbitrary,  we  may  in  the 
present  case,  in  addition  to  the  {2n  -  2)  constants  in  ?i,  con- 
sider a-zi  and  a2i  also  as  arbitrary.  We  thus  have  still  2n 
arbitrary  constants  altogether,  and  the  solution  of  the  diffe- 
rential equations  (18)  is  therefore  complete.  A  particular 
case  of  this  has  been  already  considered  in  Art.  308.  It  is 
easy  to  see  that  we  may  still,  if  we  please,  express  the  values 
of  ^1,  &c.  by  equations  (21),  but  when  Ai  =  X2  the  constants 
«2i  and  fif22  are  arbitrary,  as  well  as  ki<^ii,  ic2<35i2,  xi>  and  ^2,  and 
in  terms  of  these  six  we  can  express  the  four  arbitrary 
constants  which  belong  to  the  solution  of  the  differential 
equations. 

If  there  be  several  distinct  double  roots  similar  considera- 
tions apply  to  each  of  them,  and  in  general,  corresponding 
to  each  double  factor  of  A  there  are  four  arbitrary  constants 
in  the  solution  of  the  differential  equations. 

The  preceding  investigation  can  be  readily  extended  to 
the  case  in  which  the  equation  A  =  0  has  r  equal  roots. 

In  this  case  2r  constants  an,  a^x-,  .  •  .  ^n,  «u',  ^2/5  .  .  .  drx 
are  arbitrary,  and  the  n  linear  equations  corresponding  to  the 
multiple  root,  which  in  general  determine  (^^  -  1)  quantities 
in  terms  of  the  remaining  one,  are  equivalent  to  only  (n  -  r) 
independent  equations. 

In  fact,  from  what  has  been  proved  above,  it  appears  that 
every  double  root  of  the  equation  A  =  0  must  be  a  root  of 
All  =  0.  Hence  if  the  former  equation  have  r  equal  roots 
the  latter  must  have  (r  - 1).  Again,  it  is  plain  that  An  is 
related  to  A 1122  in  the  same  way  in  which  A  is  related  to  An, 
and  so  on.  We  may  therefore  conclude  that  if  the  equation 
A  =  0  have  r  roots  equal  to  Ai,  then  {r-  1)  successive  minors 
of  A  must  vanish  for  that  value  of  A. 

318.  Principal  Coordinates  and  Directions  of 
Harmonic  l^ibration. — Since  in  the  present  case  the 
equations  are  linear  which  connect  different  sets  of  co- 
ordinates, the  generalized  components  of  velocity  are  ex- 
pressed in  terms  of  each  other  by  the  same  equations  as 
those  which  connect  the  corresponding  coordinates.     Hence 

2H 


466  Small  Oscillations. 

the  transformation  of  coordinates  by  which  2,9'  becomes 
^1^  +  $2'  . . .  +  Z,n\  reduces  2r  to  the  form  t""  -^K^  -"  Kn-  Now, 
Art.  315,  2®  is  in  this  case  of  the  form  \iZi  +  \U  •  •  •  +  ^tZn, 
and  therefore  by  the  solution  of  the  differential  equations  for 
this  particular  set  of  generalized  coordinates  we  have 

^1  =  ki  sin  ^(Vai  +  xi),  C2  =  ^2  sin  {t  -s/m  +  X2),  •  •  •  C«  =  ^*n  sin  {t  y/Tn  +  Xn),  (42) 

where  Xi,  &c.  are  the  roots  of  the  equation  A  =  0,  and 
ki,  kif  .  .  .  kny  Xi»  X2>  •  •  •  Xn  are  arbitrary  constants,  2n  in 
number. 

The  coordinates  ?x,  ?2,  &c.  are  called  the  Principal  Co- 
ordinates of  the  oscillating  system. 

The  Cartesian  coordinates  (v,  y,  z  of  any  point  of  the 
system  are  given  in  terms  of  the  principal  coordinates  by 
equations  of  the  form 

a;  =  iTo  +  AxX,x  +  A^X,^  .  .  .  +  AnZ,n 

y=y,  +  B£i  +  B&  ,..+BnZn\,  (43) 

2  =  So   +  OiZi   +    C2Z2    .   .  .  +   CnZr, 

where  iTo,  yo,  Zo  are  the  values  of  0?,  y,  z  respectively  for  the 
position  of  equilibrium,  and  Ai,  Bi,  d,  ^2,  -^3,  C2,  &c.  are 
constants  depending  (Arts.  310,  315)  on  the  coefficients 
fnyfiif  &c.,  ^11,  qu,  &c.,  that  is  on  the  connexions  between  the 
several  particles,  and  on  the  forces  acting  on  the  system. 

From  (42)  it  appears  that  the  motion  of  each  particle  is 
in  general  resolvable  into  n  simple  vibrations  whose  periods 
are 

27r  27r  2ir 

V  Ai       V  A2  V  An 

The  motion  of  any  one  particle  being  determined,  that  of  any 

other  consists  of  simple  vibrations  having  the  same  periods, 

i.  e.  harmonic,  with  the  former. 

The  direction  of  motion  for  the  particle  xyz,  arising  from 

27r 
the  simple  vibration  whose  period  is  -— ^,  is  found  by  suppos- 

V  Ai 
ing  $2,  ?3,  ...  ^n  to  be  each  zero,  and  depends  upon  the 
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constants  Ai,  Bi,  d.  Hence  the  directions  of  the  several 
component  vibrations,  as  well  as  the  ratios  of  their  amplitudes 
for  the  different  particles  in  any  one  harmonic  set,  depend  on 
the  particulars  of  the  system,  i.e.  on  the  connexions  and 
forces ;  and  are  independent  of  the  particulars  of  the  motion, 
i.  e.  of  the  initial  positions  and  velocities. 
The  several  systems  of  directions 

{A,B,C,,  A^'B^C/,  A,''Brcr,  &c.), 

{A,B,c^,  A^B^c;,  a:'b:'c,'\  &c.), 

&c. 

along  the  constituents  of  any  one  of  which  if  the  particles 
xyz,  x^yz\  x"y'%\  &c.  were  simultaneously  displaced  they 
would  all  vibrate  in  the  same  period  or  harmonically,  are 
termed  the  directions  of  harmonic  vibration. 

The  simple  harmonic  functions  of  the  time  which  occur 
in  the  expressions  for  |i,  &c.  given  by  equations  (21)  differ 
in  general  only  by  constant  multipliers  from  the  values  of 

^1,  22,  &c.  _  _ 

If  we  put  Ki  sin  (t^\x  +  xO  =  ^d  ^2  sin  {t  v^As  +  xz)  =  '/'a, 
&c.,  we  may  express  ;//i,  ;//2,  &c.  in  terms  of  gi,  ^2,  &c.,  as 
follows : — 

Let  2,71  =/ll«5li*  +/22«3l'*  +/33«3l'  +  2/i2«ii«J21  +  2/a3«n«31  +  &C. 
2,9'2  =/n^l2^  +/22«22^  ^fz^dzi  +  ^l^a^^aoo^  +  2/i3«i2a32  +  &C. 
7l2   =f\\(ln(-h2  +/22«21^22   +/33«'31<?S2   +/l2(«5ll^22   +   «12«2l)    +   &C. 

&c.  &c.  &c.  &c. 

and  let  (Si,  @2,  <3i2,  &c.  denote  the  expressions  obtained  by 
the  substitution  of  qu,  q^,  &c.  ior  fu,  f  12,  &c.  in  ^1,  ^2,  S^m  &c. 
We  have,  then, 

^^         ds^,        dsr,  d^, 

2^1  =auy—  +  a2i-r-  .  .  .  +  (^m  -. — ,  (44) 

dan  dtt'ii  dttnx  ' 

d^2  d^2  dSr, 

2,9^  =  0^12  -r-  +  «22  :i—  . . .  +  «5«3  3 — ,  (45) 

dai2  da22  dani 

^  d^y  dSr,  d9^  dSf2      .  ,.^. 

Sfx2  =  «i2  3—  +  «22  T-  +  &c.  =  «ii  -—  +  «52i  3—  +  &c. ;        (46) 
dayi  da-ix  da^z  da^i 

<S;c.  &c.  &c.  &c 

2  H  2 
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and  similar  equations  hold  good  for  @i,  ©2,  @i2,  &c.  It  is 
easy  to  see  that  ,9'i2,  S^n,  &c.,  (5i2,  @i3j  &o.  are  each  zero.  In 
fact  by  (22)  we  have 

.   dd^,     d(Br      .   dET,     d<B,      .    d^,     d^,   ^ 

from  which  by  multiplication  and  addition  we  get  Xi^i2  =  @i2. 
In  like  manner,  X2<9'i2  =  @i2,  and  therefore  in  general  ,9^12  =  0, 
and  @i2  =  0. 

From  (47)  we  have  also  (3i  =  Xi«9'i,  and  in  a  similar 
manner  ©2  =  X2<9'25  &c.  ^n 

If  now  we  multiply  the  first  of  equations  (21)  by  j— ,  the 
^cjf  ^c^^  dan 

second  by  -y^,  the  third  by  -^— ,  and  so  on,  and  add,  all  the 
duzi  dan 

simple  harmonic  functions  of  the  time  except  ^1  disappear. 

In  like  manner  we  can  find  ^2,  ^3?  &c.  and  thus  we  obtain 


dan         da2i 

ct  r^  I        dJi  p        dji  J. 

29^42  =-7-  5l  +3—52. 

da  12         da^z 


aaifi         cta^n 


dam 


dam 


d(Jn   i- 

+  3 —  5« 
dar,n 


(48) 


Since  ^1  is  a  homogeneous  quadratic  function  of  ^n,  flTai, 
&c.,  and  ^the  same  function  of  |i,  £2,  &c.,  it  is  plain  that  the 
first  of  equations  (48)  may  be  written 

^^,  dSf  dS^  dSf 

d^i  d^2  d^n 

d^  di 

now  from  (21)  we  have  —  =  ^ii>    -rr  =  ^21,  &c.,  and  there- 
d\px  dipi 

dS/^ 
fore  we  obtain  29xdji  =  ——. 

#1 


dS^ 
In  like  manner  2,9'2^2  =  -jt^  <^c.  ;  hence  we  have 

d\pi 


(49) 
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In  a  precisely  similar  manner  we  can  show  that 

@  =  (B,-^,'  +  @2^3^  . .  +  Bn-^^rC^  \iSri^i'+  X25^2^2^  .  .  +  \n9n^\'  (50) 

If  we  select  the  constants  an,  an,  a^,  ...  a^,  so  as  to 
satisfy  the  equations  ^"1  =  1,  .9'2  =  1,  ...  ^»i  =  1,  the  simple 
harmonic  functions  ^1,  ip^,  &c.  express  the  values  of  the 
principal  coordinates  of  the  system. 

When  the  harmonic  determinant  equation  has  equal  roots 
the  orthogonal  transformation  which  reduces  (3  to  its  canoni- 
cal form  though  valid  is  no  longer  determinate  Art.  (316), 
and  there  are  an  indefinite  number  of  sets  of  principal  coordi- 
nates. 

319.  £ffect  of  Increase  of  Inertia. — If  the  mass  or 
inertia  of  any  part  of  a  moving  system  be  increased,  the 
expression  for  the  kinetic  energy  receives  thereby  the  addition 
of  one  or  more  terms  of  the  form  v0S  where  v  is  a  positive 
constant,  and  0  is  a  linear  function  of  the  generalized  com- 
ponents of  velocity.  The  coordinates  may  be  transformed 
in  such  a  way  as  to  make  the  linear  functions  Q,  &c.  identical 
with  an  equal  number  of  the  generalized  coordinates  ?i,  &c. 

If  the  forces  acting  on  the  system  remain  unaltered,  and 
if  there  be  only  one  additional  term  in  the  expression  for  the 
kinetic  energy,  the  harmonic  determinant  A'  of  the  system 
in  which  there  has  been  an  increase  of  mass  or  inertia,  is 
given  then  by  the  equation 

A(/n  +  v)  -  $'„,     X/10  -  qn     . 


A' 


A/12  -  qi2 


=  A  +  vX  An 


where  A  is  the  harmonic  determinant  of  the  original  system. 
If  the  original  position  be  one  of  stable  equilibrium  all 
the  roots  Ai,  .  .  .  A„  of  the  equation  A  =  0  are  positive,  and 
are  separated  by  the  roots  jui,  .  .  .  jUn-i  of  the  equation  Au  =  0. 
Hence  A'  is  positive  for  A  =  Ai,  negative  for  \  =  jUi,  negative 
for  A  =  A2,  positive  for  A  =  jU2,  and  so  on.  Consequently  the 
roots  of  the  equation  A'  =  0  are  each  less  than  the  correspond- 
ing root  of  the  equation  A  =  0,  but  are  all  positive  and  are 
separated  by  the  roots  of  the  equation  An  =  0. 
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It  follows  from  what  has  been  said,  that  when  the  forces 
remain  unaltered  an  increase  of  mass  increases  the  several 
periods  of  vibration. 

If  the  generalized  coordinate  0  or  ?i  were  rendered 
invariable  the  system  would  have  only  [n  -  1)  degrees  of 
freedom,  and  the  harmonic  determinant  would  become  An. 
Hence  no  root  of  the  equation  A  =  0  is  diminished  by  an 
increase  of  inertia  as  much  as  it  would  be  by  rendering  the 
corresponding  coordinate  invariable. 

It  follows  that  if  any  period  of  oscillation  belong  to  a 
system  both  before  and  after  a  certain  coordinate  has  been 
rendered  invariable  this  period  belongs  also  to  the  system 
when  the  mass  corresponding  to  this  coordinate  is  increased. 

The  substance  of  this  Article  is  taken  from  Eouth's 
Rigid  Dynamics. 

320.    Energy  of  an  Oscillating  System. — If  we  put 

t  v/Ai  +  xi  =  0i>  ^  a/^2  +  X2  =  02,   &c., 

and  substitute  in  T  the  values  of  i,i,  ?2,  &c.  obtained  by  dif- 
ferentiating equations  (42)  we  have 

2T=  XiZji'  cos'  01  +  ^2^2=^  cos'  02  +  &c.  (51) 

Again,  substituting  in  V  the  values  of  ?i,  Z^,  &c.  we  have 

2  F  =  2  Fo  +  \xh^  sin'  0i  +  XJc^"^  sin'  02  +  &c.  (52) 

Hence,      2(T+  F)  =  2Fo  +  Xi^x'  +  \,h'  .  .  .  +  AX'.       (53) 

From  equations  (51)  and  (52)  it  is  plain  that  the  sum  of  the 
kinetic  and  potential  energies  corresponding  to  each  oscilla- 
tion is  constant  at  each  instant  and  equal  to  double  the  mean 
value  of  either. 

It  is  plain  also  that  the  mean  value  of  the  total  kinetic 
energy  is  equal  to  that  of  the  total  potential  energy  due  to 
the  oscillatory  motion. 

The  general  expression  for  the  kinetic  energy  is  found  by 
substituting  ;//i  for  i//i,  il^  for  ;//2,  &c.  in  (49). 
We  have  thus 

T  =  AiKi'  ^x  COs'0i  +  A2IC2'  ^2  COS'02  •  .  .  +  ^nKnS^n  COs'^n-    (54) 

From  (50)  we  obtain 

F=  Fo +Ai»ci'  ^isin'0i  4  A2IC2'  ^2  sin' 02 .  • .  +  An»c„'  ^„  sin'0„.  (55) 
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In  the  following  examples  the  small  oscillations  of  the  system  are  to  be 
determined  in  each  case  : — 

1.  A  number  of  balls  suspended  by  a  fine  cord  hang  in     

a  vertical  line,  and  are  slightly  displaced  in  the  same  vertical 
plane. 

Let  Xi,  zi  ;  irj,  Z2,  &c.  be  the  horizontal  and  vertical 
coordinates  of  the  balls  ;  «i,  a2,  &c.  the  distances  from 
the  point  of  suspension  to  the  first  bail,  from  the  first  ball 
to  the  second,  and  so  on  ;  0i,  02,  &c.  the  angles  which  ai, 
^2,  &c.  make  with  the  vertical  at  any  instant.  The  weight 
of  the  cord  being  neglected,  the  distances  ai,  &c.  are  inva- 
riable: then 


xi  =  aieu 


z\=a\  cos0i  =  ai(l 


'). 


iC2  =  ai01+«3  02,       Z2  =  «5l(l- W)  +  «2(l-|02''),  &C. 

Substituting  in  the  general  dynamical  equation,  neglecting 

21,   &c.  and  equating  to  zero  the  coeflScients  of  50i,  502,  &c.  we  have,  after 

dividing  the  first  equation  by  a\,  the  second  by  ^2,  &c. 

(wii  +  wa  +  fMs  +  &c.)  a\Bi  +  (mj  +  ma  +  &c. )  Oa  02  +  (ws  +  &c.)  as  fi'a  +  &c. 

+  (mi  +  ms  +  &c.)  gdi  =  (J, 

(m2  +  W3  +  &c.)  rti  01  +  (m2  +  ms  +  &c.)  a^  02  +  (ms  +  &c.)  az  03  +  «&;c. 

+  (W3  +  &C.)i;'02  =  O, 

m«ai0i  +  mnttzdz  +  mnazd-i  +  &c.  +  w„rt,t0„  +  mngOn  =  0. 
Hence,  assuming 

01  =  ^a  sin  (^  Va  +  x),     ^2  =  h^  sin  («  Va.  +  x),  &c. 

where  k  and  x  are  arbitrary  constants,  we  get  to  determine  a,  jB,  7,  &c.,  and  A. 
the  equations 

(mi  +  wt  +  &c.)  (ai\  -  ^)  o  +  {W2  +  ma  +  &c.)  a2  Aj8  +  (ms  +  &c.)  «3  ^7  +  &c.  =  0, 
(m2  +  ms  +  &c.)  a\\a  +  (ma  +  ms  +  &c.)  {uiK-g)  )8  +  (ms  +  &c.)  a3A.7  +  &c.  =  0. 

{a\a  +  «2i3  +  fl37  +  &c.  +  anw)  \  —  ffa>  =  0. 

This  problem  can  also  be  treated  by  the  general  method  of  Art.  310.  For, 
since  the  vertical  motion  of  each  ball  is  very  small  in  comparison  with  its  hori- 
zontal motion,  the  velocities  ii,  zg,  &c.  may  be  neglected ;  and  we  readily  find 

2T=  mi  a-^  01^  +  ma  (^i  0i  +  aa  02)^  +  m3  («i  0i  +  ^2  ^2  +  ^3  ^a)'' 

.  .  .  +  mn  (ai  01  +  «2  02  +  .  •  .  +  On  0n)'*. 

Also,  if  the  potential  energy  be  estimated  from  the  position  of  equilibrium  of 
the  system, 
2  r  =  mi gax  Q^  +  m%g{ax  Q-^  +  az  Q-^)  +  . . .  +  mn^-  (ai  01^  -f  a2  02^  +  . .  •  +  a„ Q,?). 

The  preceding  differential  equations  immediately  follow  from  these  equa- 
tions by  the  method  of  Art.  310. 
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2.  The  system  of  balls  suspended  as  in  the  last  example  are  displaced  in 
different  vertical  planes. 

In  this  ease,  Qi  and  0i  being  the  angular  displacements  of  a\  towards  the 
axes  of  y  and  x,  6 2  and  ^2  those  of  a2,  &c. 

xi  =  ai  (px,     yi  =  ai  di,     Zi  =  ai  (1  -  lei^  -  ^(jyi^),  &c. ; 

then  Oi,  62,  &c.  are  independent  of  ^1,  </)2,  &c.  as  in  Ex.  1,  Art.  308.  The 
values  of  61,  &c.  are  therefore  the  same  as  in  the  last  example,  whilst  those  of 
^1,  &c.  differ  from  them  only  by  having  a  different  set  of  arbitrary  constants. 

3.  A  number  of  rigid  bars  are  hinged  together  in  the  same  vertical  line, 
and  are  displaced  in  the  same  vertical  plane. 

If  Xi,  z\  be  the  coordinates  of  any  point  of  the  first  bar,  X2,  Z2  those  of  any 
point  of  the  second,  &c.  and  Q\,  02,  &c.  the  inclinations  of  the  bars  to  the 
vertical ;  xi  =  ndi,  si  =  n  (1  -  ^dr),  xz  =  «i0i  +  rzdz,  z^  =  ai{l  -  ^fli^) 
+  7-2  (1  -  ^02^),  &c. 

Proceeding  as  in  Ex.  1,  we  obtain 

{miki^+  (w2  +  ma  +  &c.)  ai^}  e\  +  {mzh  +  (ma  +  &c.)  ^2}  «i^2 

+  {mzbz  +  {mi  +  &c.)  03 }  «i^3  +  &c.  +  {mih  +  (mz  +  ma  +  &c.)  fli}  gQ\  =  0, 

{mzh  +  (ma  +  &c.)  a^)  ai'di  -r  {m2A;2'^  +  (ma  4-  &c.)  02^}  02 

+  {ma^a  +  {^i  +  &c.)rta}  »20a  +  &c.  +  {m2h  +  {tn3  +  mi  +  &c.)fl!2}  gBz  =  0, 

ninbnaidi  +  mnlna-iH  +  vrinhnazH  +  &C.  +  mtikn^On  +  mnbngQn  =  0, 

where  h,  h,  &c.  are  the  radii  of  gyration  of  the  bars  round  their  extremities, 
and  biy  1%,  &c.  the  distances  from  their  extremities  to  their  centres  of  inertia. 
The  solution  of  these  equations  is  obtained  in  the  same  manner  as  in  Ex.  1 . 

4.  Two  balls,  mi  and  «i2,  are  suspended  by         ^ 

cords,  whose  lengths  are  a\  and  ^2,  from  the  extre-      ^ 
mities  of  a  bar  whose  position  of  equilibrium  is  ^ 

horizontal,  and  which  hangs  from  a  fixed  point  by 
another  bar  c  rigidly  attached  to  the  former  at  a 
point  whose  distances  from  the  extremities  of  the 
horizontal  bar  are  h\  and  ^2.     The  system  is  dis-  a^ 

placed  in  the  vertical  plane  which  it  occupies  when 
in  equilibrium. 

Let  01,  02,  03>  be  the  inclinations  of  fli,  ^2,  andc 
to  the  vertical ;  x\,  zi,  and  X2,  22  the  coordinates  of  mi  and  m2  ;  then 

xi  =  ai0i  +  Ji  (1  -  ^03-)  +  C03,     zi  =  <?i  (1  -  J0i2)  -  *i03  +  c  (1  -  103^), 

^2  =  «202  -  ^2  (1  -  J03-)  +  C03,       22  =  «2  (1  "  ^02^)  +  *203  +  C  {1  -  -|032). 

Also  let  di  and  dz  be  the  distances  from  0  to  the  extremities  of  the  lever. 
Then,  neglecting  small  quantities  beyond  the  second  order,  we  readily  get 

2T=  mi  {ai^di^  +  2aic0i03  +  ^1^032)  +  m2  (^2^02^  +  2«2C0203  +  d2%'^)  +  nishW, 

where  mzh^  is  the  moment  of  inertia  of  the  lever  round  the  point  0. 
Also,  if  th  weight  of  the  bar  c  be  neglected, 

2  r  =  migaidx^  +  m2^«202'^  +  MgcQ^, 
where  if  =  mi  +  mo  +  ma. 
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Hence  the  differential  equations  for  small  oscillatory  motion  are 
aidi  +  cdz  +  gdi  =  0,     «302  +  cOz  +  gOz  =  0, 
and  fMiai^i  +  mia-idz  -\-  MazBz  +  MgQz  =  0, 

where  midi^  +  tmd^  +  mzh-^  =  MaTfi. 

If  vre  now  assume 

ei  =  asin  (jJ^^+x),      02  =  i8sin(^  J^+x),     03  =  7sm  (<  .J|  +  x)  , 

it  is  readily  seen  that  A  is  a  root  of  the  cuhic 

Jlf (\—  «i)  (a. - a-i)  (a  -  ai)  —  K{m\a\  +  m^a^)  c  +  {m\  +  m2)  «i«2C  =  0. 

It  should  be  noted  that  if  the  cords  are  equal  in  length,  i.  e.  a\  =  a-i,  then  «i 
is  a  root  of  this  cubic,  and  the  remaining  roots  are  given  by  the  quadratic 

M{\  -  a\)  (A  -  as)  -  {m\  +  ni-2)  «ic  =  0. 

This  latter  furnishes  the  solution  of  the  small  motion  of  a  beam  and  scales, 
oscillating  in  a  vertical  plane  passing  through  the  beam.  [See  Camb.  Math. 
Journal,  vol.  ii.,  p.  120.] 

5.  The  balls  and  cords  in  the  preceding  example  are  replaced  by  two  bars 
which  hang  freely  from  the  ends  of  the  lever. 

Let  ^1  and  h  be  the  distances  from  the  ends  of  the  arms  of  the  lever  to  the 
centres  of  inertia  of  the  bars  ai  and  az,  respectively  ;  and  let  mik\^  be  the 
moment  of  inertia  of  the  bar  a\  round  its  upper  extremity,  and  mik-;^  the  corre- 
sponding quantity  for  a^  ;  then  we  readily  find 

2T=  mi  {JciHi^  +  2hceih  +  ^12032)  +  mg  [hi^ez^  +  2?2C02^3  +  di^^"^)  +  mzki^di^ 

and,  making  the  potential  energy  zero  in  the  position  of  equilibrium,  and 
neglecting  the  mass  of  c,  we  have 

2r=  mighdi^  +  tmghQz^  +  Mgcdz^. 

Proceeding  as  in  last  example,  and  putting 

h\  =  — -,       h%  =  — -, 
n  h 

we  get,  for  the  determination  of  A,  the  cubic 

M{\-  hi)  (a  -  hi)  (a  -  ai)  —  Ke  {mih  +  mzh)  +  c  {m\hhz  +  m^hh)  =  0. 

As  in  the  last  example,  if  ^i  =  A2,  then  hi  is  one  value  of  A,  and  the  other 
roots  of  the  cubic  are  those  of  the  quadratic 

M{\  —  hi)  (a  -  a^)  —  c  {niih  +  mzh)  =  0. 

6.  A  rigid  body,  having  a  fixed  point  and  in  stable  equilibrium  under  the 
action  of  a  conservative  system  of  forces,  is  slightly  disturbed. 

Let  the  axis,  a  rotation  round  which  would  bring  the  body  from  its  position 
of  equilibrium  to  its  actual  position  at  any  time  (Art.  249),  make  angles  with 
the  principal  axes  of  the  body  at  the  fixed  point  whose  direction  cosines  are 
I,  m,  n.     Let  <r  be  the  magnitude  of  the  required  rotation,  which  by  hypo- 
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thesis  is  a  small  quantity.  The  coordinates  of  each  point  of  the  hody  are 
then  at  any  time  functions  of  constants  and  of  the  variables,  c,  I,  m,  n,  or,  of 
the  three  independent  variahles  a-l,  (xm,  trn,  which  may  be  denoted  by  6,  </>,  i//. 

Hence,  as  6,  <p,  ^  are  small,  and  the  initial  position  is  one  of  equilibrium 
(Art.  310), 

V  =  Vq  +  1  {qnO^  +  qzicj}^  +  qzz^"^  +  2^i20^  +  2qx-id^  +  2^2304')  • 

Again,  neglecting  small  quantities  of  the  second  order,  wi  =  0,  wz  =  <^,  ws  =  »^ ; 
and  therefore  (Art.  263) 

neglecting  small  quantities  of  the  third  order. 
Hence  equations  (18)  become 

Ad  +  $-110  +  qn<p  +  q\i^  =  0, 

B^  +  ^120  +  «722<^  +  2'23^  =  0, 

d^  +  qizQ  +  q2z(p  +  qzz^  =  0. 
Assuming 

e  =  ka  sin  {t  Va  +  x),     0  =  ^fi  sin  (Wa  +  x),     ^=h  siii  (^  ^^  +  x)» 

we  have,  for  the  determination  of  a,  j8,  7,  A,  the  equations 

A\a  =  qua  +  ^12)8  +  qwy, 

B\fi  =  qua  +  ^22)8  +  ^237, 

C\y  =  qiza  +  q23$  +  qzzy. 

If  01,  02,  &c.  be  the  values  of  a,  &c.  corresponding  to  Ai  and  A2,  two  of 
the  roots  of  the  cubic  for  A,  it  is  easy  to  see  that 

(Ai  -  A2)  {Aaiat  +  Bfiifiz  +  CV172)  =  0  ; 

hence  Aaiaz  +  B^\^2  +  C7173  =  0, 

and  therefore  also 

02  (^1101  +  qi%^i  +  gi37i)  +  i82  (?i20i  +  J22^i  +  ^2371) 

+  72  (?13  0l  +  ?23j8l  +  ^3371)  =    0. 

Accordingly  the  lines  whose  direction  cosines  are  proportional  to  01,  j8i,  71 ; 
02,  182,  72 ;  as,  fiz,  73  ;  are  conjugate  diameters  of  the  momental  ellipsoid,  and 
likewise  of  the  quadric  E,  whose  equation  referred  to  the  principal  axes  of  the 
body  at  the  fixed  point  is 

qiix"^  +  q^^y^  +  3-332^  +  2^i2a;y  4  Iquxz  +  2qzzyz  =  K. 

Since  the  initial  position  is  one  of  stable  equilibrium,  E  must  be  an  ellipsoid 
(Art.  315). 
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An  angular  displacement  ff\  from  the  position  of  equilibrium  brings  the  body 
into  a  position  whose  potential  energy,    relative  to  the  initial  position,  is 

being  the  semi-diameter  of  E  round  which  the  rotation  (f\  is 


^-Ci) 


effected.  Hence  all  small  angular  displacements,  which  are  proportional  to  the 
diameters  of  E  round  which  they  are  effected,  bring  the  body  into  positions  having 
the  same  potential  energy.  On  this  account  Sir  Eobert  Ball  calls  E  the  ellipsoid 
of  equal  energy,  or,  the  potential  ellipsoid  corresponding  to  the  initial  position  of 
equilibrium.  The  results  arrived  at  may  be  stated  as  follows  : — The  harmonic 
axes  of  a  rigid  body,  having  a  fixed  point  and  in  stable  equilibrium  under  the 
action  of  a  conservative  system  of  forces,  are  the  three  conjugate  diameters 
common  to  the  momental  and  the  potential  ellipsoids.  This  theorem  is  due  to 
Sir  Robert  Ball. 


7.  If  gravity  be  the  only  force  acting 
on  the  body  in  the  last  example,  show  that 
the  potential  ellipsoid  becomes  a  circular 
cylinder,  and  determine  the  positions  of  the 
harmonic  axes. 

Let  0  be  the  fixed  point,  G  the  initial 
position  of  the  centre  of  inertia,  G'  its  posi- 
tion resultin g  from  a  small  angular  displace-  R 
raent  er  of  the  body  round  the  line  OH  whose 
direction  cosines  are  I,  m,  n.  Draw  GF 
and  G'F  perpendicular  to  OE,  and  G'S 
perpendicular  to  OG.  Then  <t  =  L  GFG', 
and  the  potential  energy  due  to  the  displace- 
ment isTlg  .  GE.  Putting  OG  =  a,  and 
L  GOF  =  p,  vfQ  have 


GH  = 


Qff2        PGLff"^ 


2a 


2a 


Again,  if  A,  ^,  v  be  the  direction  cosines  of  OG, 

cr  cos  p  =  0-  (l\  +  mp.  +  nv)  =  e\  +  <pp.  +  ipv. 
Hence,  the  potential  energy  due  to  the  displacement  is 

and  the  quadric  E  is  determined  by  the  equation 

a;2  +  y2  +  2-2  _  ^^  +  ny  +  vzf  =  K, 

which  represents  a  right  cylinder  having  OG  for  its  axis. 

This  can  also  be  easily  seen  directly  as  follows  :— The  amount  of  energy  T 
required  to  turn  the  body  through  an  angle  <r  round  any  semi-diameter  rofJS  is, 

0-2 
as  we  have  seen,  ^K  —.    Now,  if  r  be  vertical,  T=  0,  and  therefore  r  =  oo  . 

Also,  if  r  be  horizontal,  T  =  Tlgh  (where  h  is  the  height  through  which  the 
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centre  of  inertia  is  raised),  and  is  therefoi-e  constant  if  tr  be  constant,  hence 
r  is  constant :  accordingly  the  corresponding  section  of  -S  is  a  circle. 

To  determine  the  harmonic  axes — One  is  the  vertical,  OG,  the  other  two  are 
found  as  follows  : — Draw  the  diametral  plane  of  the  momental  ellipsoid  which 
is  conjugate  to  a  vertical  line  through  the  fixed  point ;  it  will  meet  the  cylinder 
E  and  the  momental  ellipsoid  in  two  ellipses ;  the  pair  of  conjugate  diameters 
common  to  these  two  are  the  lines  required.  Also,  since  a  horizontal  section  of 
jE  is  a  circle,  the  projections  on  any  horizontal  plane  of  the  two  non- vertical 
harmonic  axes  are  lines  at  right  angles  to  each  other.  If  the  body  be  displaced 
without  initial  velocity  there  will  be  no  oscillation  round  the  vertical  axis  ;  and 
if  the  periods  of  vibration  round  the  other  two  axes  be  different,  the  instanta- 
neous axis  of  rotation  will  either  oscillate  or  revolve  continuously  in  the  plane  of 
the  non- vertical  harmonic  axes.  If  after  displacement  an  initial  velocity  be 
imparted  to  the  body,  in  order  that  there  should  be  small  oscillations,  this  initial 
velocity  of  rotation  must  be  round  an  axis  in  the  plane  of  the  two  non- vertical 
harmonic  axes. 

8.  If  the  system  of  forces  acting  on  the  body  be  constant  in  magnitude  and 
direction,  determine  the  values  of  5^11,  &c.  in  Example  6. 

Let  X,  Z,  Z  be  the  components  of  the  constant  force  acting  at  any  point  of 
the  body  parallel  to  the  initial  direction  of  its  principal  axes,  and  let  x,  y,  z  be 
the  coordinates  of  the  point  of  application  refeiTed  to  space  axes  coinciding  with 
these  initial  directions,  its  coordinates  referred  to  the  principal  axes  themselves 
being  |,  rj,  ^.  Then,  if  Gx,  Gy,  Gz  be  the  moments  of  the  forces  round  the 
space  axes,  neglecting  small  quantities  of  the  second  order,  we  have 

^,  =  2  {{yZ-zY)  =:z{{n-Co  +  mz-{C-i<P^  ve)  Y} 

=  :Z{r]2-  CY)  -  02  (7jF+  (Z)  +  <p:$^Y+  ;f/2|-^ 

=  (r{-l^{r}Y+  (Z)  +  m2|r  +  n^^Z], 

flince  •Z{v2-CY)  =  0. 

The  work  done  by  the  forces  in  turning  the  body  through  d(f  is 

{IGx  4-mGy  +  nGz)  da. 

If  we  substitute  for  Gx  its  value  given  above,  and  make  similar  substitutions  for 
Gy  and  Gz,  we  obtain,  by  integration,  the  terms  of  the  second  order  in  —  V.   Hence 

yii  =  2(rjr+C^),     2yi2  =  -2(|r+„Z),  &c. 

9,  If  a  system  whose  position  is  determined  by  three  independent  variables 
perform  small  oscillations,  prove  that  the  harmonic  axes  are  the  three  conjugate 
diameters  common  to  the  quadrics  whose  equations  are  ^=  constant,  ®  =  con- 
stant (Art.  313). 


(    477    ) 


OHAPTEE    XIV. 

THERMODYNAMICS. 

321.  MechanicalEqmvalent  of  Heat. — The  experiments 
of  Joule  and  others  have  shown  that  whenever  sensible  kinetic 
energy  disappears  without  a  corresponding  increase  of  poten- 
tial energy,  an  amount  of  heat  is  produced  proportional  to  the 
quantity  of  sensible  kinetic  energy  which  has  disappeared. 

A  similar  result  takes  place  in  all  cases  in  which  work  is 
expended  without  producing  a  corresponding  increase  of 
energy ;  and,  conversely,  a  definite  amount  of  heat  can  be 
transformed  into  a  definite  amount  of  work. 

The  number  of  units  of  work  which  the  unit  of  heat  can 
perform  is  called  the  mechanical  equivalent  of  heat,  and  may  be 
designated  by  the  letter  J.  If  the  quantity  of  heat  required 
to  raise  the  temperature  of  the  unit  mass  of  water  from 
0°  to  1°  Centigrade  be  taken  as  the  unit  of  heat,  and  the 
amount  of  work  expended  in  lifting  the  unit  mass  through 
a  height  of  one  metre  as  the  unit  of  work,  the  value  of  J  is 
found  to  he  424.  In  English  units,  i.  e.  if  a  foot  be  taken  as 
the  unit  of  length,  and  temperature  be  estimated  by  Fahren- 
heit's thermometric  scale,  the  value  of  J  is  772. 

If  Q  be  the  number  of  units  of  heat  imparted  to  a  body ; 
JJ  its  total  energy,  kinetic  and  potential ;  W  the  work  done 
by  the  body  against  external  forces ;  and  A  Q,  &c.  the  in- 
crements of  these  quantities  at  any  time  reckoned  from  the 
same  instant,  the  experiments  of  Joule,  already  mentioned, 
conduct  to  the  equation 

/AQ  =  AZ7+Air.  (1) 

If  we  desire  to  give  this  equation  a  purely  theoretical 
basis,  we  have  only  to  assume  that  heat  is  energy  resulting 
from  molecular  motion,  and  that  the  principle  of  the  con- 
servation of  energy  holds  good. 


478  Thermodynamics. 

If  we  seek  to  determine  J  from  Equation  (1)  by  measur- 
ing the  amount  of  A  Q,  &c.  in  any  particular  case,  we  are  met 
by  the  difficulty  that  the  value  of  A  ^7  is  in  general  unknown. 
This  difficulty  can  be  got  over  by  bringing  back  the  body 
which  is  being  experimented  on  to  its  initial  condition  :  A  U 
is  then  zero,  and  we  have     e/A  Q  =  A  TF. 

When  J  is  known,  heat  can  be  expressed  in  work  units  ; 
and  if  this  mode  of  expressing  Q  be  adopted,  (1)  takes  the 
simpler  form 

AQ=ACr+ATr.  (2) 

322.  Equation  of  Energy.  —  The  equation  of  the 
preceding  Article  is  one  of  the  two  fundamental  equations 
of  Thermodynamics,  and  may  be  called  the  Equation  of 
Energy. 

In  the  application  of  this  equation  the  substance  under 
consideration  is  in  general  supposed  to  pass  continuously 
from  one  state  to  another,  in  consequence  of  changes  in  its 
temperature  and  in  the  pressure  which  the  unit  area  of  its 
surface  exerts  against  the  surrounding  medium,  this  pressure 
being  supposed  the  same  at  all  points  of  the  surface. 

In  Thermodynamics  we  are  not  usually  concerned  with 
the  kinetic  energy  of  sensible  motion.  In  fact,  the  apparent 
effect  of  heat  on  a  substance  is  either  to  raise  its  temperature, 
or  to  change  its  condition,  or  to  cause  it  to  do  external  work. 
Hence  the  body  is,  in  general,  supposed  to  be  at  rest  in  the 
ordinary  sense,  and  its  kinetic  energy  is  exhibited  in  the 
form  not  of  sensible  motion,  but  of  those  molecular  motions 
on  which  temperature  depends.  This  being  understood,  we 
see  that  the  total  energy  of  a  unit  mass  of  the  substance  at 
any  time  is  a  function  of  two  independent  variables — the 
temperature  t,  and  the  pressure  p. 

As  the  volume  v  of  the  unit  of  mass  depends  on  p  and  t, 
we  may  take  as  independent  variables  any  two  of  the  three 
quantities  t,  p,  and  v. 

If  the  work  done  by  the  body  against  external  forces  be, 
as  is  usually  the  case,  the  work  which  it  does  in  consequence 
of  its  expansion  against  the  pressure  on  its  surface,  and  if 
we  consider  merely  the  unit  of  mass,  it  is  easily  seen  that 
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dW  =  pdv,  and  hence  we  have  from  (1)  the  equation 

JdQ  =  -—  dt  ■\-  —r-  dv  +  pdv.  (3) 

dt  dv 

323.  Specific  Heat. — The  number  of  units  of  heat 
which  must  be  imparted  to  the  unit  of  mass  of  a  homogeneous 
substance  to  raise  its  temperature  one  degree  is  called  its 

specific  heat,  and  is  equal  to  the  limit  of  — — . 

The  specific  heat  in  general  depends  on  the  external  work 
accomplished  by  the  body,  and  is  indeterminate  unless  the 
relation  between  the  variations  of  the  independent  variables 
be  assigned.  If,  however,  the  temperature  of  the  body  be 
raised  either  under  the  condition  that  its  volume  remains 
constant,  or  under  the  condition  that  the  pressure  on  its 
surface  remains  constant,  the  specific  heat  is  a  definite  func- 
tion of  the  variables  on  which  the  state  of  the  body  depends. 

The  specific  heat  at  constant  volume  may  be  designated 
by  Cv,  and  that  at  constant  pressure  by  Cp.  We  have  then, 
from  (3), 

where  (  -—  )  indicates  the  differential  coefficient  of  U  with 
\dt  Iv 

respect  to  t  under  the  hypothesis  that  v  is  constant,  and 

(  — -  J  has  a  similar  signification  in  reference  to  p,  and  where 

in  the  equation  for  Cp  we  regard  ^?  as  a  function  of  p  and  t. 

For  practical  purposes,  when  great  accuracy  is  not  re- 
.quired,  no  distinction  is  made  in  the  case  of  solid  and  liquid 
bodies  between  the  two  specific  heats,  and  the  specific  heat 
for  each  body  is  assumed  to  be  an  absolute  constant. 
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Examples. 

^  1.  A  raindrop  falls  to  the  ground  from  a  height  of  1272  metres ;  determine 
by  how  much  its  temperature  is  raised,  assuming  that  it  imparts  no  heat  to  the 
air  or  to  the  ground.  Jins.  3°C. 

2.  Find  how  much  heat  is  disengaged  if  a  bullet  weighing  50  grammes  and 
having  a  velocity  of  50  metres  per  second  strikes  a  target,  assuming  g  to  be 
9-8  metres  per  second. 

Ans.  An  amount  of  heat  sufficient  to  raise  one  gramme  of  water  through 

3.  Supposing  the  Earth  toTiave  been  originally  a  nebulous  mass  dissipated 
through  space  ;  find  the  heat  produced  by  its  condensation. 

If  ^be  the  kinetic  energy  generated  by  the  coming  together  of  the  nebulous 

mass,  we  have,  by  Ex.  12,  Art.  138,  S^=-z  - — .      The  equivalent  amount  of 

5    r 

heat  Q  is  given  by  the  equation  Q=^  =  -^-— =-  ——.  Now,  substitut- 
ing  for  T  its  value  in  metres  — ^ ^ ,  and  424  for  /,  we  obtain  Q  =  dOOOmff, 

IT 

approximately.  Hence  the  quantity  of  heat  generated  by  the  condensation  of 
the  Earth  is  90  times  the  amount  required  to  raise  an  equal  mass  of  water  from 
0' to  100°C. 

4.  Find  the  amount  of  heat  generated  by  the  condensation  of  the  sun. 

Let  Q'  be  the  amount  of  heat  required,  then  M  and  H  being  the  mass  and 

radius  of  the  sun,  we  have,  from  Ex.  3,  — -  =  — - .  —  =  — .  — .  — .     Now,  —  = 

Q        m^    M      m    E   m  m 

324000,  and  —  =  108,  approximately.      Hence— =3000 — ,  nearly.      Again, 

9000  X  3000  =  27000000,  consequently  the  heat  generated  by  the  condensation 
of  the  sum  is  270,000  times  the  amount  required  to  raise  the  temperature  of 
an  equal  mass  of  water  from  0""  to  100°C. 

5.  If  the  su^be  contracting  in  consequence  of  its  own  attraction  ;  determine 
the  annual  contraction  which  is  required  to  maintain  its  temperature  constant. 

As  in  Ex.  3,  we  have  QR  =  f  — — ,  and  therefore  — ^  +  -—  =  0. 

By  observing  the  quantity  of  heat  received  from  the  sun  in  a  given  time  by 
a  given  area  on  the  surface  of  the  Earth,  it  is  easy  to  determine  the  whole 
amount  of  heat  emitted  by  the  sun  in  one  year.  From  this,  and  the  mass  of 
the  sun,  we  can  ascertain  that  the  temperature  of  an  equal  mass  of  water  would 
be  lowered  a  little  more  than  2°  by  losing  this  amount  of  heat.     Consequently, 

-—  =  ,  approximately,  and  therefore  to  maintain  its  present  tempera- 

(cj,        loOOUUUO 

ture  the  sun  should  contract  each  year  by  an  amount  sufficient  to  diminish  its 
^^^^'*''^yi30^'^^''^'^"S^^- 
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324.  Perfect  CJas. — In  the  case  of  a  perfect  gas  the 
volume  V  of  the  unit  of  mass  is  connected  with  the  pressure  p 
and  the  temperature  t  by  an  equation  of  the  form 

vp  =  VoPo  (1  +  at),  (5) 

where  %  is  the  volume  corresponding  to  the  pressure  ^^o  and 
the  temperature  zero,  and  a  is  a  constant  which  is  the  same 
for  all  gases,  its  value  being  ^tt  when  temperatures  are 
counted  on  the  Centigrade  thermometer.  If  the.  zero  of 
temperature  be  taken  at  -  273°  C,  and  temperature  reckoned 
from  this  origin  be  denoted  by  T,  we  have,  putting  E  for 

aVoPo, 

vp  =  ET.  (6) 

The  experiments  of  Joule  and  Thomson  have  shown  that 
if  the  volume  of  a  gas  vary  without  any  heat  being  imparted 
or  abstracted,  the  temperature  remains  constant,  provided  no 
external  work  is  done.  If  now  in  (2)  we  make  AQ  =  0  and 
ATF=0,  we  have  AU'=0;  hence  it  appears,  that  if  the 
temperature  of  a  gas  remains  invariable  so  likewise  does  the 
internal  energy,  which  is  therefore  a  function  of  the  tempe- 
rature alone.     In  this  case,  by  (4)  and  (6),  we  have 

JCj,  =  JC.+p  f^)  =  JC,  +  R.  (7) 

The  experiments  of  Regnault  have  shown  that  the  specii&c 
heat  of  a  gas  at  constant  pressure  is  independent  of  the  pres- 
sure, being  a  constant  for  each  gas.  From  this  it  follows 
by  (7)  that  the  specific  heat  at  constant  volume  is  likewise  a 
constant.  In  the  case  of  a  perfect  gas  equation  (3)  accord- 
ingly becomes 

JdQ  =  JC^dT  +  pdv.  (8) 

If  Q  be  the  heat  imparted  to  the  unit  mass,  and  c„  the 
specific  heat  at  constant  volume,  expressed  in  work  units,  (8) 
may  be  written 

dQ  =  c^dT  +  pdv.  (9) 

Again  it  is  plain  that 

dU  =  c,dT,  (10) 

2  I 
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and,  if  Cp  be  the  specific  heat  at  constant  pressure  expressed 
in  work  units,  that 

Cp-=  c^  +  R.  (11) 


Examples. 

1.  Calculate  the  difference  between  the  two  specific  heats  of  air,  being  given 
that  a  cubic  metre  of  air  at  a  temperature  of  0°  C.  and  under  a  pressure  of 
760  mm.  of  mercury,  whose  density  is  13-6,  weighs  1-2932  kilogrammes. 

Ans.  0-069. 

2.  For  any  gas  whose  density  referred  to  air  is  ^,  show  that 

Cp=  Cv  •{ ; — . 

a 

3.  Determine  the  quantity  of  heat  which  must  be  imparted  to  a  gas  to  enable 
it  to  expand  at  a  constant  pressure  p\  from  the  volume  v\  to  the  volume  vz. 

Cp 

Ans.  Q  =  —pi{v2  -  vi). 

K 

4.  If  T  be  the  absolute  temperature  of  a  gas,  and  S^'  the  portion  of  the 
energy  of  its  unit  mass  which  is  due  to  the  velocities  of  translation  of  its  mole- 
cules, show  that  9''  =  ^RT. 

Since i?v  =  |<9''  (Ex.  18,  Art.  288),  this  result  follows  from  (6)  Art.  324. 

5.  Determine  the  mean  velocity  of  translation  of  a  molecule  of  air  which  is 
at  a  temperature  of  0°  C. 

Here  T  is  273,  and  the  mean  velocity  required  is  485  metres  per  second, 
nearly. 

6.  Show  that  the  mean  velocities  of  translation  of  the  molecules  of  different 
gases  when  at  the  same  temperature  are  inversely  proportional  to  the  square 
roots  of  the  densities  of  the  gases. 

7.  Determine  the  relation  between  the  total  kinetic  energy  j9'of  a  gas  and 
that  portion  ,9^'  of  the  kinetic  energy  which  is  due  to  the  velocities  of  translation 
of  its  molecules. 

The  total  energy  C/"  of  a  unit  mass  of  a  gas  is  composed  of  the  kinetic  energy 
^,  and  of  the  potential  energy  F,  which  again  is  the  sum  of  two  parts,  V\ 
resulting  from  the  mutual  action  of  the  molecules,  and  V-z  depending  on  the 
constitution  of  the  individual  molecules.  Fg  may  be  considered  constant  so 
long  as  the  chemical  constitution  of  the  gas  remains  unchanged,  and  V\  may  be 
assumed  to  be  zero,  since  Z7is  a  function  of  the  temperature  alone,  and  V\,  if  it 
existed,  would  depend  on  the  mutual  distances  of  the  molecules,  and  therefore 
on  the  volume.     Hence  U=9+  V2. 

Again,  ---  =  /(7„  =  constant,  whence  U=JCvT+  C,  or  5^+  Vz  =  JG^T\  C . 
dJ. 

Let  S^=^S^\  then  ,9'=  f/8i2r,  and  i^RT -V  Vi  =  JGvT+  C.  Hence,  as 
Fa  18  constant,  fi  must  be  of  the  form  7  +  -^,  where  7  and  y'  are  constants ;  and 
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^must  be  the  sum  of  two  parts — one  proportional  to  tlie  temperature,  the  other 
constant.  The  existence  of  the  latter  part  seems  in  the  highest  degree  improb- 
able ;  we  may,  therefore,  conclude  that  /3  is  constant.     To  determine  its  value 

1  C 

we  have  f)8i2  =  /Ct,,  whence  )8  =  f  ^ -by  (7),  where  ^=77.     Now  k  is  found 

to  be  almost  the  same  for  all  gases,  and  to  be  equal  to  1'408  ;  hence  /S  is 
approximately  the  same  for  all  gases,  and  is  equal  to  1'634. 

8.  Two  masses  of  different  gases  have  equal  volumes  at  the  same  pressure 
and  temperature ;  show  that  for  all  equal  temperatures  they  have  equal  kinetic 
energies. 


325.  Reversibility  and  Cyclical  Processes. — When 
a  body  experiences  transformations  sucli  that  the  inverse 
changes  can  take  place  in  precisely  the  same  circumstances, 
the  transformation  is  said  to  be  reversible.  In  order  that  this 
should  be  the  case,  any  source  from  which  the  body  derives 
heat,  or  to  which  the  body  imparts  heat,  must,  at  the  time  at 
which  the  heat  is  transferred,  be  of  the  same  temperature  as 
the  body  ;  and  also  the  external  pressure  on  the  body  at  any 
time  must  be  equal  to  the  pressure  corresponding  to  the  state 
of  the  body  at  the  time. 

A  cyclical  process  is  a  transformation  at  the  end  of  which 
the  body  returns  to  the  same  state  as  that  in  which  it  was  at 
the  beginning. 

326.  Indicator  Diagram. — The  state  of  a  body  is,  as 
we  have  seen,  a  function  of  two  independent  variables.  If 
those  selected  be  the  volume  of  the  unit  of  mass  and  the 
pressure  on  the  unit  of  area,  the  state  of  the  body  at  any 
time  is  indicated  by  the  position  of  a  point  whose  coordi- 
nates referred  to  two  rectangular  axes  are  proportional  to 
the  volume  and  pressure. 

In  the  case  of  a  body  undergoing  a  transformation  accord- 
ing to  a  fixed  law,  the  set  of  points  indicating  its  successive 
states  form  a  curve.  In  a  reversible  transformation,  if  no 
heat  be  lost  or  gained  by  the  body  during  the  transformation, 
this  curve  is  called  an  adiabatic  or  isentropic  curve.  If  the 
temperature  remain  constant  the  curve  is  called  isothermal. 
The  area  comprised  between  the  curve,  its  extreme  ordinates, 
and  the  axis  of  abscissas,  represents  the  work  done  by  the 
body  during  the  transformation. 

212 
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327.  Isotherm als  and  Adiabatics  for  a  Perfect 
Cras. — In  the  case  of  a  perfect  gas  the  isothermal  curve  is 
determiDed  by  the  equation 

pv  =  ier„  (12) 

where  Ti  is  the  constant  temperature.     The  isothermal  for  a 
perfect  gas  is  therefore  an  equilateral  hyperbola. 

Since  the  temperature  remains  constant  the  heat  required 
to  effect  the  transformation  is  given  by  making  dT=  0  in  (8), 
that  is  by  the  equation 

JQ  =  ['pdv  =  RT,  f"  ^  =  RT,  log  f-\        (13) 

When  a  body  undergoes  an  adiabatic  transformation, 
dQ  =  0,  and  therefore  in  this  case  (8)  becomes 

JC^dT^pdv  =  ^.  (14) 

If  we  substitute  in  this  the  values  of  dT  and  R  derived  from 
(6)  and  (7),  and  put  Cp  =  hCvj  we  get 

kpdv  +  vdp  =  0,     that  is     k—  ^  —  =  0. 
^  ^        '  V       p 

Integrating  we  have 

pv^  =  pxvf,  (15) 

where  px  and  Vx  are  the  initial  pressure  and  volume. 

The  temperature  T  at  any  stage  of  an  adiabatic  trans- 
formation is  given  by  the  equation 

T__  pv_  _  fvj^-' 


Tx       PxVx        \V)  ^      ' 


Examples. 

1.  In  an  adiabatic  transformation  determine  the  equation  connecting  the 
initial  and  final  pressures  of  a  gas  with  its  initial  and  final  volumes. 

pi        \Vzl 
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2.  Determine  the  external  work  done  by  a  gas  in  an  isothermal  transforma- 
tion. 

In  this  case  W=  JQ=^  RTi\o^- =  p\Vi\og -. 

Vi  Vi 

3.  Prove  that  the  external  work  done  by  the  unit  mass  of  a  gas  in  an  adiabatic 
transformation  is  JCv{Ti  -  T2),  where  Ti  and  T2  are  the  initial  and  final  tem- 
peratures. 

4.  If  the  decrease  in  the  temperature  of  the  air  as  its  height  above  the 
surface  of  the  earth  increases  were  due  merely  to  the  fall  of  temperature  result- 
ing from  the  expansion  caused  by  diminution  of  pressure,  show  that  AT,  the 
excess  of  the  temperature  at  the  earth's  surface  above  the  temperature  at  any 
height  z,  would  be  given  by  the  equation 

k-127Zz 

where  ho  is  the  height  of  a  homogeneous  atmosphere  at  0°  C. 

If  jtj  be  the  pressure,  and  p  the  density  of  the  air  at  the  height  z,  we  have, 

1        p 
from  the  fundamental  equation  of  hydrostatics,  dp  =  —  ffp  dz  ;  but  p  =  -  =  — - , 

V      RT 

and  since  the  expansion  is  adiabatic,   —   =    — .      Eliminating  dpj  we 

±  h       p 

h  —  \  a 

have  dT  = —  -^dz\  from  this,  since  gh^  =  PqVq,  we  obtain  the  equation 

given  above. 

328.    Fuadamental    Principles    of   Thermodyna- 

mies. — The  science  of  Thermodynamics  is  founded  on  two 
fundamental  Principles.  Of  these,  the  first  finds  its  mathe- 
matical expression  in  Equation  (1),  and  involves  two  state- 
ments, viz.  that  In  every  natural  process  the  total  energy  is 
invariable  ;  and  that  Seat  is  a  form  of  energy,  a  definite  amount 
of  heat  being  equivalent  to  a  definite  amount  of  work. 

The  second  fundamental  Principle  was  first  stated  by 
Clausius,  as  follows  : — It  is  impossible  for  a  machine,  unaided 
by  external  energy,  to  convey  heat  from  one  body  to  another  at  a 
higher  temperature. 

By  Thomson  the  same  Principle  is  stated  somewhat  diffe- 
rently in  the  following  manner : — It  is  impossible  by  means  of 
inanimate  material  agency  to  derive  mechanical  effect  from  any 
'portion  of  matter  by  cooling  it  below  the  temperature  of  the 
coldest  of  the  surrounding  objects ;  and  by  Clerk  Maxwell  in 
another  form,  thus  : — It  is  impossible,  by  the  unaided  action  of 
natural  processes,  to  transform  any  part  of  the  heat  of  a  body 
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into  mechanical  work,  except  by  allowing  heat  to  pass  from  that 
body  into  another  at  a  lower  temperature. 

This  Principle  merely  expresses  the  teaching  of  expe- 
rience in  reference  to  the  connexion  between  temperature 
and  the  transference  of  heat. 

329.  Camot's  Cycle. — Let  us  suppose  a  body  subject 
to  a  reversible  cyclical  process  indicated  by  an  isothermal 
AxBi,  an  adiabatic  BiB^,  another  isothermal  B.A^,  at  a  lower 
temperature  than  the  former,  and 
another  adiabatic  AoAi.  Whilst 
expanding  from  the  volume  repre- 
sented by  OCi  to  that  represented 
by  ODi  the  body  is  kept  at  a  con- 
stant temperature  ^i,  receiving  from 
a  source  Ki  of  heat  at  that  tempera- 
ture a  quantity  of  heat  Qi.  Whilst 
expanding  from  ODi  to  OA,  the 
temperature  falls  from  ti  to  4,  no 
heat  being  lost  or  gained.  The  body  is  now  compressed  from 
OA  to  OC2,  and  the  heat  Qo  thereby  developed  is  imparted 
to  a  reservoir  JTz  at  the  temperature  t^.  Finally,  the  body  is 
compressed  from  OCo  to  OCi,  and  the  temperature  thereby 
rises  from  f2  to  ^1,  no  heat  being  lost  or  gained.  In  this 
process  the  volume  at  which  the  adiabatic  compression 
commences  is  selected  so  that  when  the  volume  returns  to 
its  initial  value  the  temperature  returns  likewise  to  its  initial 
value.  In  the  whole  process  Qi  units  of  heat  are  imparted  to 
the  body,  and  Qo  units  of  heat  are  taken  from  it ;  and  as  the 
body  returns  to  its  original  state,  Qi  -  Q2  units  of  heat  have 
been  transformed  into  the  work  which  is  indicated  by  the 
area  A1B1B2A2.  In  referring  to  this  process  Ki  and  ICz  are 
frequently  termed  the  sotaxe  and  the  condenser. 

We  can  now  show  that,  if  Qi,  ti,  and  4  be  supposed  in- 
variable, Q2  must  be  the  same  for  all  bodies. 

Suppose  Q2  for  one  body  M  were  greater  than  for  another 
body  X,  its  value  for  L  being  denoted  by  Q2,  and  for  M  by 
Q'2.  Employ  the  cyclical  process  for  the  body  L  to  work 
that  for  the  body  M  in  reverse  order.  This  can  be  done 
because  Qi  -  Q2  >  Q\  -  Q'o-  Then  the  source  of  heat  at  ti 
remains  as  before,  whilst  the  source  of  heat  at  4  has  received 
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^3  and  given  out  Q^  units  of  heat.  Moreover,  an  amount  of 
work  represented  by  Qi  -  Q.  has  been  accomplished.  The 
result  of  the  whole  process  is  that  work  has  been  done  by 
means  of  heat  obtained  from  the  coldest  body  in  the  system. 
As  this  result  is  opposed  to  the  second  fundamental  Principle 
(Art.  328),  we  conclude  that  Qi  is  the  same  for  all  bodies,  and 
is  therefore  simply  a  function  of  Qi,  ti,  and  ^a- 

From  what  has  been  now  proved  it  follows  that  if  we  sup- 
pose the  curve  AiBi  divided  into  n  parts,  for  each  of  which  Qi 
is  the  same,  and  adiabatics  drawn  through  the  points  of 
section,  the  corresponding  values  of  Qs  are  equal.  Hence  it  is 
easy  to  see  that  Qg  becomes  n  Qo,  if  Qi  become  wQi,  and  therefore 

that  -^  must  be  independent  of  Qx ;  accordingly,  we  have 

I  =/(«.,  U).  (17) 

Again,  if  W  be  the  amount  of  heat  converted  into  work 
in  the  process,  we  get,  from  (17), 

J=l-/(<„  4).'  (18) 

330.    Determination    of    Carnot's    Function. — In 

order  to  determine  the  function/  we  have  merely  to  select  a 
body  for  which  the  isothermal  and  adiabatic  curves  are  known. 
Let  us  then  select  a  perfect  gas. 
In  this  case,  by  (13), 

Again,  as  the  points  Ai  and  A2  lie  on  the  same  adiabatic,  by 
(16)  we  have 


^,  andlikewisel"^)*"' =^ 


therefore  _£i  =  _?p    and  -pr  =  tf- 
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Hence,  whatever   be  the   body   employed,   we   obtain   the 
equation 

331.  Extension  of  Carnot's  Cycle. — If  heat  imparted 
to  a  body  be  regarded  as  positive,  and  heat  given  out  by  the 
body  as  negative,  (19)  may  be  written 


(20) 


If  we  now  suppose  a  reversible  cyclical  process  represented 
by  any  number  of  isothermals  and  adiabatics,  each  isothermal 
being  followed  by  an  adiabatic,  and  if  Q  be  the  number  of 
units  of  heat  imparted  to  the  body  at  the  temperature  T, 

Q 

we  have  the  equation  S  ^  =  0. 

In  order  to  prove  this,  let  us  first 
suppose  a  cycle  in  which  there  are  three 
isothermals,  AiBi,  BzC^,  and  AsCsy  cor- 
responding to  the  temperatures  Ti,  T2, 
and  T3.  Produce  the  adiabatic  BijBz  to 
Bsy  then  Q3  =  $'3  +  q^\  where  q^  corresponds 
to  B3A3,  and  Qz  to  C3B3. 

Now  by  (20), 


Qi     q3_ 
T,     Tz 


0,   and--f^^ 


=  0; 


from  which,  by  addition,  we  have 


9±   9i    ^  =  0 

Tr      T,      T,       ' 

This  result  ^may  be  extended  in  a  similar  manner  to  a  cycle 
containing  four  isothermals,  and  so  on.     Hence,  in  general, 


Q 


0. 


(21) 
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Again  (21)  holds  good  for  every  reversible  cyclical  process, 
whatever  be  the  nature  of  the  curves  by  which  it  is  repre- 
sented. 

This  appears  from  the  consideration  that  two  infinitely 
near  points  A  and  B  on  any  curve  can  be  connected  by  the 
element  of  an  isothermal  followed  by  that  of  an  adiabatic,  and 
that  the  area  bounded  by  these  elements,  the  ordinates  of  A 
and  B,  and  the  axis  of  abscissas,  differs  only  by  an  infinitely 
small  quantity  of  the  second  order  from  the  area  of  which  the 
arc  AB  is  the  boundary. 

For  every  reversible  cyclical  process,  however  effected,  we 
have,  then,  the  equation 

|f  =  0.  (22) 

332.  Entropy. — If  a  body  pass  from  any  one  state  to 
any  other,  we  may  suppose  the  change  of  state  effected  by 
means  of  a  reversible  transformation ;  and,  whatever  this  pro- 

-=-  between  the  limits  corresponding  to  the  two  states 

must  have  the  same  value,  since  the  cycle  may  be  completed 

by  a  definite  invariable  transformation.     Hence    —  depends 

only  on  the  state  of  the  body,  and  is  independent  of  the  mode 
(supposed  reversible)  by  which  the  body  is  brought  into  this 
state. 

If  we  put    —  =  0,  the  quantity  ^  is  called  by  Clausius 

the  Entropy  of  the  body. 

The  second  fundamental  Principle  of  Thermodynamics 
leads  therefore  to  the  result,  that  the  entropy  0  is  a  function 
of  the  two  independent  variables  on  which  the  state  of  the 
body  depends,  and  therefore  that  in  all  reversible  transfor- 
mations -=-  is  a  perfect  differential  ^0,  or  that 

dQ  =  Td(l>.  (23) 

In  theoretical  applications  of  the  equation  of  entropy, 
Q  and  ^  are  supposed  to  be  expressed  in  mechanical  units. 
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333.  Energy  and  Entropy. — For  every  reversible 
transformation  in  which  the  external  work  done  by  the  body 
is  due  to  its  own  expansion  we  have,  if  Q  be  expressed  in 
work  units,  the  two  equations 

dQ  =  dU  +  pdv) 

(24) 
dQ  =  Td<p         ) 

The  energy  U  and  the  entropy  0  are  functions  of  the 
independent  variables  on  which  the  state  of  the  body  depends, 
and  dU  and  d^  are  therefore  perfect  differentials ;  Q  depends 
not  merely  on  the  state  of  the  body  but  also  on  the  mode 
in  which  it  has  been  brought  into  that  state  ;  hence  dQ 
is  not  a  perfect  differential.     The  limits  of  the  quantities 

— — ,  — -,  &c.  are  expressible  in  terms  of  the  independent 

variables  and  the  differential  coefficients  of  U  and  v.  They 
are  therefore  functions  of  the  two  independent  variables  which 
determine  the  state  of  the  body,  but  are  not  differential  coeffi- 

^Q 

cients.     They  may  be  written  y-,  &c. 

Again  from  equations  (24),  we  have 

dU=Td(^-pdv,  (25) 

In  this  equation  if  we  select  successively  as  independent 
variables  (p,  v,  (p,  p;  T,  p  ;  T,  v,  and  v,  p ;  and  express  in 
each  case  the  condition  that  c/C^"  should  be  a  perfect  diffe- 
rential, we  obtain  a  system  of  equations  which  hold  good  in 
any  reversible  transformation  in  which  the  external  work 
done  by  a  body  is  due  to  its  expansion  against  the  pressure 
on  its  surface,  and  which  are  as  follows  : — 


(26) 


'dT\ 
dv  J^ 

(dp\       (dT\      (dv\ 

W;.'  \dp)^  \d,n; 

\dpjT 

'd_^\ 
.dvjr 

(dp\       (dT\!d<j,\     (dT\fd,p\ 

\dr):   \dpl\dv)p  \dvjp\dpj. 
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Briot  remarks  that  from  the  first  of  these  equations  the 
three  succeeding  can  be  obtained  by  interchanging  p  and  v^ 
or  T  and  0,  the  sign  of  the  right-hand  member  of  the  equa- 
tion being  altered  after  each  interchange. 

334.  £lasti€ity  and  Expansion. — The  elasticity  of  a 
substance  may  be  defined  as  the  limit  of  the  ratio  of  an  in- 
crease of  pressure  to  the  compression  which  it  produces,  the 
compression  being  the  ratio  of  the  diminution  of  volume  to 
the  original  volume. 

The  state  of  a  substance  being  determined  by  two  inde- 
pendent variables,  except  some  connexion  between  their  va- 
riations be  assigned,  the  elasticity  is  indeterminate.  The  two 
elasticities  usually  considered  are  the  elasticity  at  constant 
temperature  Et^  and  the  elasticity  at  constant  entropy  E^. 
The  former  obviously  belongs  to  an  isothermal,  and  the  latter 
to  an  adiabatic,  transformation. 

From  the  definitions  of  Et  and  E^  we  have 

When  a  body  is  heated  it  usually  expands.  The  expan- 
don  is  the  ratio  of  the  increase  of  volume  to  the  original 
volume,  and  the  expansibility  is  the  limit  of  the  ratio  of  the 
expansion  to  the  increase  of  temperature,  the  pressure  re- 
maining constant.     If  e  denote  the  expansibility,  we  have 


Ifdv^ 


I-  '''' 


If  the  expansion  of  a  body  take  place  without  change  of 
temperature,  the  limit  of  the  ratio  of  the  heat  required  for 
the  expansion  to  the  increase  of  volume  is  called  the  latent 
heat  of  expansion,  and  may  be  denoted  by  I ;  hence 

'-MifH         <-' 

The  expansibility  of  a  substance  is  called  by  some  writers 
its  coefficient  of  dilatation. 
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Examples. 

1.  The  volume  and  pressure  of  a  gas  being  given,  determine  its  entropy. 

Ans.  <|)  -  </)o  =  /    C„  log  —  +  Ci,  log  —  j . 

2.  Show  that 

\dv  I  T 

The  first  two  of  these  equations  follow  at  once  from  (23).     To  prove  the  last, 
we  have  from  the  two  former, 

and  by  (26), 

©.=(!)„=— <^'-')-&^).  (a- 

Again,  dp  =  \-j7h)    dT  +  (^  )     dv,  from  which,  by  making  dp  =  0,  we  get 

I  dv\ 

\Jt)  '  ^^^  substituting  in  the  expression  for  J(Cp  -  Cv)  already  given,  we 

obtain  the  result  required. 

3.  Prove  that    ^  =  1?*. 


/d^\         /d^\    /dv\ 

UWv       \dpl\dT), 

and  therefore  ^  =-(?)•     In  like  manner  ^^  =  -  (^)     ; 
\dp]  •  \dv)p 

{'A 

\dv  }  T 
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4.  Prove  that  dQ  =  CpdT  -  evTdp. 

but  by  (26)  we  have  ( ^-  )    =—  \  -mA  ,  and  hence  by  substitution  we  obtain 

\dpjT         \dTJp 
from  (28)  the  required  result. 

5.  Assuming  that  the  square  of  the  velocity  of  the  propagation  of  sound  is 
proportional  to  the  elasticity  of  the  medium  divided  by  its  density,  show  that  in 
a  gas  the  velocity  of  sound  varies  as  \/kRT. 

Since  the  compression  of  the  air  during  the  passage  of  a  wave  of  sound  is 
very  sudden,  the  compression  may  be  regarded  as  adiabatic.  Hence  the  velocity 
of  sound  varies  as  ^^E^v,  but  E^  —  kEj,  (Ex.  3),  and  E  >r=p,  therefore,  &c. 

By  means  of  the  results  obtained  in  this  Example  and  in  Ex.  1,  Art.  324, 
if  the  velocity  of  sound  be  determined  by  experiment,  Cp  and  Cv  can  be  calculated^ 
Conversely,  if  Cp  be  known  by  experiment,  Cv  can  be  found  from  the  velocity 
of  sound,  and  hence  the  value  of  /  can  be  determined. 

6.  Show  that  bodies  which  expand  by  heating  are  heated  by  compression  ; 
those  which  contract  by  heating  are  cooled  by  compression ;  and,  if  the  tempera- 
ture be  maintained  constant,  determine  the  rate  at  which  heat  is  given  out  or 
absorbed  according  as  the  pressure  is  increased. 

If  Q  be  the  heat  required  to  keep  the  temperature  constant,  the  rate  of  ab- 
sorption is  I  —  1    ;  but 

Hence  8Q  is  negative  if  e  be  positive,  and  conversely. 

7.  Prove  that  in  water  not  far  from  its  maximum  density  the  rise  of  tem- 
perature produced  by  an  increase  of  pressure  is  given  approximately  by  the 
formula, 

(^  +  273)(.-4) 
2950000  ^' 

where  t  is  expressed  in  degrees  centigrade,  and  j»  in  atmospheres. 

If  vo  be  the  volume  of  the  unit  mass  of  water  at  4°,  when  the  density  is  a 

(ft—  4)2\ 
1  +     .  .  ^  A  1   represents,  according 

to  Kopp  and  Tait,  the  results  of  numerous  experiments.     From  this  formula  we 

have  approximately  e  =  ^~— . 

Hence,  assuming  the  pressure  of  the  atmosphere  to  be  1033  grammes  on  the 
square  centimetre,  we  obtain  the  required  result. 

8.  If  the  internal  energy  of  a  body  be  a  function  of  its  temperature  alone 
determine  the  relation  which  must  exist  between  v,  p,  and  T. 
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dJJ 
In  this  case  (25)  becomes  Td<^  =  —  dT  +  pdv^  whence 

dV  dT      p  ^ 
^"^-df-T^T^'- 

The  left-hand  side  of  this  equation  is  a  perfect  differential,  and  therefore 
p  =  Tf{v),  which  is  the  relation  required. 

9.  If  a  body  be  such  that  its  energy  increases  uniformly  with  the  tempe- 
rature when  the  volume  is  constant,  and  uniformly  with  the  volume  when  the 
temperature  is  constant,  and  that  its  specific  heat  at  constant  pressure  is  con- 
stant, determine  the  equation  connecting  volume,  pressure,  and  temperature. 

Here  we  must  have  dV'=  adT  +  bdv,  where  a  and  b  are  constants.  Hence 
from  (25)  we  get  Td<l>  =  adT  +  {b  +  p)  dv,  whence  b -\- p  =  Tf{v).  If  by  means 
of  this  last  equation  we  express  dv  in  terms  of  dp  and  dT,  we  have 


dQ 


=  (<.-^).r+/...    Now.,=  (g^. 


and  therefore,  if  w  be  the  constant  value  of  Cp,  we  obtain  a-~  =  n.    From  this 

df 
we  have  («  -  w)  -7^  =  (^v,  and  integrating  we  get  (v  +  C)  /=  (w  -  a),  where  C 

is  the  constant  of  integration.     Hence  we  have  as  the  required  relation 
{b-vp){v+  C)  =  {n-a)T. 

10.  If  the  specific  heats  of  a  body  at  constant  pressure  and  at  constant 
volume  be  each  constant,  show  that  the  energy  is  a  linear  function  of  the  volume 
and  absolute  temperature. 

Let  c„  =  m,     Cp  =  n,  then  Ijj^j     =  m,  and  therefore    U  =  mT  +  f  [v). 

'"^°''=©,+^  (^),'  ^''^"'^  »=»  +  (/■+,,)  g,)^.    («) 

Again,  from  (25)  we  have 

Td(i>  =  mdT  +  (/'  +  jt?) dv,     whence    f'-\p,=  TF{v).  (b) 

If  we  differentiate  this  equation,  and  eliminate  from  the  equation  so  obtained 

and  equations  (a)  and  {b)  the  two  quantities  p  and  (  — )  ,  we  get 

\dT/  p 

(n  -  m)  f"  =  T{F2  +  {n  -  m)  F'} . 

This  equation  cannot  be  true  for  all  values  of  the  independent  variables 
T  and  v  except  each  side  vanish  separately,  hence  we  have  /"  =  0,  and 
therefore /(t;)  =  Civ  +  C2.     Consequently  U  =  mT  +  dv  -\-  Gz. 
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1 1 .  If  the  specific  heat  of  a  body  at  constant  volume  be  constant,  and  the 
expansibility  at  any  temperature  be  the  inverse  of  the  absolute  temperature, 
determine  the  equation  connecting  volume,  pressure,  and  temperature,  and  find 
the  energy  in  terms  of  the  temperature  and  volume. 

Here,  as  in  Ex.  10,  U=  mT+f{v),  andf{v)+p  =  TF{v).   Also  -  \-^\  =  -, 

whence  v  =  Tip{p).     Eliminating  T  we  have  vF[v)  =  yp{p){f'{v)  +  p]. 
Differentiating  with  respect  to  p  we  get 

fb)/(^)=-  {^{P)+P^'{P)}- 

This  equation  cannot  be  true  in  general  except 

f'{v)  =-C,  and  ^pip)  +pnP)  =  0^'ip), 

where  Cis  constant. 

Hence  we  obtain  {C  -  p)  v  =  KT,  and  U=7nT-  Cv  +  0',  where  K  and  C' 
are  constants. 

335.  I^on-reversible  Transfbrmations. — In  the  case 
of  a  non-reversible  transformation  we  cannot  assume  the 
truth  of  equations  (24).  In  fact,  for  such  a  transformation, 
even  through  the  external  work  done  by  the  body  be  due  to 
its  expansion  against  external  pressure,  this  pressure  need  not 
be  equal  in  magnitude  to  that  belonging  to  the  state  of  the 
body,  nor  is  dQ  in  such  a  transformation  necessarily  equal  to 
Td(l,. 

In  this  case  we  must  proceed  as  follows  : — Let  H  be  the 
heat  actually  imparted  to  the  body  in  the  non- reversible 
process,  TF  the  external  work  done,  and  Uo  and  U  the  initial 
and  final  energies  of  the  body ;  then 

ir=  u-  Uo+  w.  ^  (30). 

Let  us  now  imagine  a  reversible  transformation  capable  of 
bringing  the  body  from  its  initial  to  its  final  state,  but  other- 
wise perfectly  arbitrary.  Since  this  hypothetical  transforma- 
tion is  reversible,  we  can  make  use  of  equations  (24)  and  (25), 
and  of  any  results  therefrom  deducible  to  assist  in  determining 
U  -  Uq.  The  expression  thus  obtained  may  be  substituted 
in  (30). 
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Examples. 

1 .  A  gas  at  p\  and  v\  is  allowed  to  expand  into  a  perfectly  empty  vessel, 
whereby  its  pressure  and  volume  become  p2  and  V2.  No  beat  being  imparted 
to  tbe  gas  or  taken  from  it,  determine  its  change  of  temperature. 

Since  no  external  work  is  done,  and  no  heat  lost  or  gained,  the  energy  must 
remain  constant,  and  therefore  the  temperature  (Art.  324).  The  assumption 
that  the  energy  of  a  gas  is  a  function  of  the  temperature  alone,  is  indeed  a  result 
from  the  fact  ascertained  by  experiment,  that  the  temperature  is  constant  under 
the  circumstances  here  supposed. 

2.  In  the  preceding  example  determine  the  change  of  entropy. 
We  have  (Ex.  1,  Art.  334), 

02  -  «^i  =  /  {c,\o^^-+Cp  log -)  =  /  (Cp  -  C)  log  -=  R  log  -. 

\  P\  V\l  ,     V\  V\ 

Since  v^>v\^  the  entropy  is  increased  by  the  supposed  transformation.  This 
transformation,  it  should  be  observed,  is  non-reversible,  and  therefore  not  adia- 
batic,  though  no  heat  is  lost  or  gained. 

3.  A  vertical  cylinder,  whose  horizontal  section  is  S^  is  filled  with  gas  at  the 
atmospheric  pressure  p\  and  temperature  T\,  and  closed  by  a  piston  on  which 
is  placed  a  weight  to  which  pushes  it  down.  Supposing  no  external  heatto 
pass  into  or  out  of  the  gas,  determine  the  temperature  when  equilibrium  is 
established. 

The  transformation  here  is  non -reversible,  since  the  external  pressure  ex- 
ceeds that  due  to  the  state  of  the  body  by  a  finite  amount.  Since  no  heat  is  lost 
or  gained  the  external  work  done  on  the  gas  must  be  equal  to  the  change  of 
energy. 

Let  P2>  T%i  vi  be  the  final  pressure,  temperature,  and  specific  volume,  the 

w 
initial  specific  volume  being  vi,  then  jsa  =i5>i  +  -,  and  the  work  done  on  the  unit 

of  mass  is  pi  {v\  —  v-z).    Hence  from  (10)  we  have 


and  therefore 


Ov  ■\-R)  T2  =  Cr,  Tx  +    {px  +  ^  j  Vi, 


or  fp  T%=  CpT\-\-  —vi,  which  determines  jHz. 

4.  In  Ex.  3  determine  the  increase  of  the  entropy  of  a  unit  mass  of  the  gas. 

Ans.  <|)2  -  </)!  =  c^  jlog  ^  -  (*  -  1)  log  ^|. 

5.  In  Ex.  3  if  the  gas  were  adiabatically  compressed  from  its  original  to 
its  final  volume  determine  the  final  temperature  T-i . 

Ans.     Ti'  =  Ti  (-)  '  . 

6.  Show  that  T%  in  Ex.  3  is  greater  than  T-i  in  Ex.  5. 
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The  equation  which  determines  T7,  may  be  written  in  the  form 
cv  Tt,  =  c«  Ti  + ?  (vi  -  ^2). 

If  we  put  v\  =  at?2,  and,  as  usual,  Cp  =  hcxi,  this  becomes 

T,  {l-{^-l)(a-l)}  =  ri. 
Let  A-  -  1  =  »/,     a  -  1  =  )8,     then  T^  =  Ti  (1  -  »'i8)-S 

also,  Ex.  5,    To'=Tyay  =  Ti  1 1  +  i/ log  (1  +  i8)  +  ^^  log^  (1  +  iS)  +  «&:c.  | ; 

but  j8  >  log  (1  +  i8),  for  e®  >  1  +  )8  =  €i°§(i+/3). 

Hence  each  term  of  the  series  for  T^  is  greater  than  the  corresponding  term  of 
the  series  for  T^',  and  as  all  the  terms  are  positive,  T^  >  T%. 

The  increase  of  entropy  in  the  gas  compressed,  as  in  Ex.  3,  might  be 
expressed  in  the  form 

«?)2  -  <^l  =  C„  log   f^J. 

7.  Two  vessels  impervious  to  heat,  whose  volumes  are  V\  and  F2,  contain 
gas  at  pressures  p\  and  pi,  and  at  the  same  temperature  T.  The  vessels  are 
placed  in  communication  with  each  other ;  determine  the  final  gain  of  entropy 
by  the  entire  system. 

8.  In  Ex.  7  prove  that  ^  —  ^0  is  positive. 
Suppose  that  pi  >  p2,  and  let 

V2P2                               P2 
1  +   = =0,  1 =  I/O, 

Vipi  p\ 

then 

V\  Pi 
<l>-<po  =  —jT  {«  log  (!-»')-  log(l  -  va)}; 

and  since  a  >  1,  M^e  readily  see  that  the  quantity  inside  the  bracket  is  positive. 

336.  Absolute  l§cale  of  Temperature. — The  result 
obtained  in  Art.  330  may  be  arrived  at  by  a  different  method 
independent  of  the  properties  of  any  particular  substance. 
We  have  seen  in  Art.  329  that  if  Q  be  the  heat  drawn  from 

2  K 
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the  source,  and  W  the  heat  converted  into  work  in  Carnot's 

W 

cycle,  7^  is  a  function  of  the  extreme  temperatures  only,  and 

is  independent  of  the  substance  employed.  In  order,  then,  to 
construct  a  scale  of  temperature  independent  of  any  parti- 
cular body  we  may  proceed  as  follows  : — 

Draw  the  isothermal  AB  of  a  sub- 
stance chosen  at  random,  corresponding  a^, 
to  any  arbitrary  temperature,  which  may 
be  indicated  by  T,  and  draw  the  adiabatics 
AA'  and  B£^  corresponding  to  the  con- 
dition of  the  body  before  and  after  a 
certain  arbitrary  amount  of  heat  Q  has 
been  imparted  to  it. 

Draw  another  isothermal  at  a  tem- 
perature T'  less  than  T,  so  that  the  area 
ABB'  A'  may  be  of  given  magnitude  or 
correspond  to  a  given  amount  of  heat  w.     Now  draw  a  series 
of  isothermals  T'\  T'\  &c.,  at  intervals  such  that 

ABFA'  =  A'B'B''A"  =  A'B''B'''A'"  =  &c. ; 

then  if  T-  T'  be  the  unit  of  temperature,  T-  T'  is  two  units,  I 
T-  T"  three  units,  &c. 

Since  T,  Q,  and  w  are  fixed  quantities,  and  W  correspond- 
ing to  T(")  is  nw^  Equation  (18)  shows  that  two  bodies  are  at 
the  same  temperature  if  each  indicates  in  the  manner  described 
n  degrees  of  temperature  below  T.  This  method  of  estimat- 
ing temperature  is,  therefore,  independent  of  the  body  em- 
ployed. 

Again,  if  T'  be  any  temperature  lower  than  T  estimated  in 
this  manner,  and  W  the  heat  converted  into  work  in  the  cor- 
responding cyclical  process,  we  have  W  =  {T -  T')  iv,  and  in 
like  manner  for  another  temperature  T''  lower  than  T'  we  ■ 
have  W"={T-r')  iv. 

If  we  now  suppose  a  cyclical  process  between  the  tem- 
peratures T'  and  T'\  indicated  by  the  points  A\  B\  B\  A!\ 
the  heat  converted  into  work  is  W'^  -  W\  and  we  get 

w"  -w'  =  {r-r')  w  (31) 
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Again,  the  heat  Q'  drawn  from  the  source  at  T\  is  equal 
to  that  given  to  the  condenser  in  the  process  in  which  T  and 
T'  are  the  extreme  temperatures  ;  hence 

Q-Q'=W'={T-r)  iv,  that  is,  Q'=Q-{T-  T)  w.    (32) 

337.  Efficiency  of  a  Heat  Engine. — A  system  work- 
ing in  the  manner  required  by  Carnot's  cycle  may  be  termed 
a  reversible  heat  engine,  and  the  ratio  of  the  heat  converted 
into  work  to  the  heat  drawn  from  the  source  is  called  the 
efficiency  of  the  engine. 

It  appears  by  the  reasoning  of  Art.  329  that  the  extreme 
temperatures  being  given,  the  efficiency  of  a  non-reversible  engine 
cannot  exceed  that  of  a  reversible,  and  that  the  efficiency  of  all 
reversible  engines  is  the  same. 

338.  Absolute  Zero. — From  Art.  337  it  appears  that 

the  efficiency  of   a  reversible  engine  working  between  the 

W  -  W 
temperatures  T'  and  r'  is —, .    By  (31)  and  (32)  this 

rpf  _    rnff 

becomes  -, -rr  - 

As  T"  decreases,  the  efficiency  increases,  but  the  limit 
which  it  can  never  exceed  is  unity,  since  the  mechanical  work 
done  by  an  engine  can  never  exceed  the  equivalent  of  the 
heat  drawn  from  the  source.  Hence,  if  we  make  the  effi- 
ciency unity,  we  obtain  for  T"  the  smallest  possible  value, 

Q 

which  is  T This  temperature  T'\  since  it  is  the  lowest 

w 

which  can  be  attained  by  any  body,  must  be  the  absolute 

zero.     Hence 

W  H       J- 

The  expression  for  the  efficiency  of  a  reversible  engine 
working  between  any  two  temperatures  T'  and  T"  becomes 

2  K  2 
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rpt  _  rpff 

then  — 7p — J  and  for  the  cyclical  process  described  in  Art. 

329  we  have  -^ — ^  =  —^ — ^.     Carnot's  function  has  thus 

^1  J- 1 

been   determined  independently   of  the  properties  of  any 
particular  substance. 

Again,  this  mode  of  determining  Carnot's  function  shows 
that  the  existence  of  an  absolute  zero  of  temperature,  sug- 
gested and  rendered  probable  by  the  known  properties  of 
what  are  called  permanent  gases,  follows  necessarily  from 
the  two  fundamental  Principles  of  Thermodynamics. 

The  experiments  of  Joule  and  Thomson  have  shown  that 
the  absolute  zero  is  273*7  below  zero  on  the  Centigrade 
scale,  or  460*66  below  zero  on  the  Fahrenheit.  This  is  very 
nearly  the  same  result  as  that  of  Article  324. 

Examples. 

1.  The  entropy  <p  being  defined  by  tbe  equation  dQ  =f{t)  d(p,  prove  that  in 
a  body  subject  to  the  equation  pv  =  Ilf{t),  where  E  is  constant,  the  energy  is 
a  function  of  the  temperature  alone. 

Let/(0  =  T,  then  from  (2)  we  have  d(p  =  — -  -i-  R  — .     Hence  -=,dU  must 

be  a  perfect  diflferential,  whence  U=  F{T). 

2.  Gas  is  made  to  pass  uniformly  through  a  tube  in  which  a  porous  plug, 
such  as  cotton-wool,  is  placed.  No  heat  is  permitted  to  leave  the  gas  or  enter  it 
from  any  external  source  ;  determine  the  connexion  between  the  variations  of 
pressure  and  temperature  caused  by  the  plug. 

Since  the  density  of  the  gas  at  any  particular  cross  section  of  the  tube  does 
not  vary  during  the  experiment,  equal  masses  of  gas  pass  through  each  section 
in  the  same  time,  or  the  velocity  of  the  unit  of  mass  is  constant.  Again,  any 
energy  which  is  lost  by  frictien  is  restored  as  heat.  We  are  therefore  entitled 
to  assume  that  any  change  in  the  energy  of  the  gas  as  it  passes  through  diffe- 
rent parts  of  the  tube  is  due  to  the  work  done  on  it  or  to  the  work  which  it 
does. 

Suppose  two  cross  sections  A  and  B  of  the  tube,  one  on  each  side  of  the 
plug,  the  pressures  at  which  are  p\  and  p2.  As  a  small  quantity  dm  of  gas 
passes  A  the  pressure  driving  it  forward  does  work  on  it  whose  amount  is 
p\V\dm.  At  the  same  time  dm  does  work  on  the  next  layer  of  gas  which  is 
equal  to  the  work  done  on  dm  when  passing  the  section  consecutive  to  A.  Thus, 
in  going  from  ^  to  ^  the  work  done  by  dm  and  the  work  done  on  dm  compen- 
sate each  other,  with  the  exception  of  p\V\dm  done  on  dm,  and  p-zv-zdm  done  by 
dm.  In  other  words,  in  the  passage  from  Ato  B  the  whole  external  work  done 
by  dm  is  {piVi  —  p\V\)  dm,  and  therefore,  since  no  heat  is  lost  or  gained,  we  have 

Z72  —  J7i  +  P2V2  -  pivi  =  0. 

Now     U= J  Td<p  -  J  pdv  =  J  Td<l>  -pv+S  vdp,  or  U+pv=j  Td(p  +  J  vdp. 
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Hence  the  hypothetical  reversible  transformation  (Art.  335)  must  be  such  that 

Substituting  Cpiov  xi^^    (Ex.  2,  Art.  334), and- f^,)   ^^^i^)    ^y(26)» 

we  have  \\cpdT  +  Iv  -  T  (-^,J    j  (fpj  =  0. 

Hence,  if  we  can  integrate  the  expression  iinder  the  integral  sign  in  this 
equation,  the  relation  between   T^  —  T\  and  pz  —  p\  is  determined.     If  the 

gas  were  theoretically  perfect  (Art.  324),  we  should  have  T  (  —  J    =  v,  and  T^ 

would  be  equal  to  Ti.     This  is  found  not  to  be  the  case.     "We  may  therefore 
conclude  that  no  gas  is  theoretically  perfect,  and  we  cannot  assume  either 

that  a  is  constant  or  that  T=t-\--. 

a 
From  the  equation  vp  =  vqPq  (1  +  at),  if  we  consider  a  as  variable,  we  have 

"We  may  assume  that  a{T-t)  differs  from  a  constant  by  a  very  small  quanticy, 
and  likewise  that  —  is  very  small,  and  may  integrate  between  Ti  and  T2  neglect- 
ing these  quantities,  since  Ti  -  T2  is  observed  to  be  small.  For  similar  reasons 
we  may  assume  that  [ttjA  =  (37)  »  ^^^  that  c^  is  constant.  Hence,  inte- 
grating, we  have 

-  Cp  (To  -  Ti)  =poVo{l  +at-  aT)[logp2  -  log^i) ; 
and  therefore 

a      apoVo{logpi-logp2) 

From  this  equation  the  exact  position  on  the  centigrade  scale  of  the  absolute 
zero  can  be  determined  (Art.  338). 

339.  Change  of  State. — There  are  three  states  or  con- 
ditions in  one  of  which  matter  is  usually  found ;  and  which 
are  termed  the  solid,  the  liquid,  and  the  gaseous. 

A  solid  body  is  one  which  strongly  resists  any  forces 
tending  to  alter  the  relative  positions  of  its  adjacent  mole- 
cules, and,  so  long  as  its  structure  is  unbroken,  admits  of  only 
slight  changes  in  these  positions. 
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A  liquid  offers  scarcely  any  resistance  to  a  change  in  the 
mutual  position  of  its  molecules,  provided  this  change  does 
not  diminish  the  distance  between  those  which  are  adjacent. 
In  other  words,  it  is  indifferent  to  change  of  shape  or  sepa- 
ration of  its  molecules  from  each  other,  but  strongly  resists 
compression. 

A  gas,  like  a  liquid,  is  indifferent  to  change  of  shape,  but 
yields  to  compression  with  comparative  facility,  and  tends  to 
increase  its  volume  without  limit.  To  prevent  its  escape,  it 
must  therefore  be  restrained  by  an  external  envelope. 

It  is  almost  certain  that  every  substance  in  nature  is 
capable  of  existing  in  any  one  of  the  three  states,  and  passes 
at  a  certain  pressure  and  temperature  from  one  of  these  states 
into  another. 

Thus,  in  general,  there  is  a  certain  pressure  and  tempe- 
rature, at  which,  if  heat  be  imparted  to  a  solid  body  and  the 
pressure  be  maintained  constant,  the  temperature  does  not 
rise,  but  the  body  gradually  passes  into  the  liquid  state.  The 
amount  of  heat  required  to  bring  about  this  change  for  the 
unit  of  mass  is  called  the  latent  heat  of  liquidity.  If  the 
volume  of  the  liquid  exceed  that  of  the  solid,  the  latent  heat 
of  liquidity  is  spent  partly  in  altering  the  internal  energy  and 
partly  in  doing  external  work.  If  (as  is  the  case  with  water) 
the  volume  of  the  liquid  be  less  than  that  of  the  solid,  the 
internal  energy  of  the  liquid  exceeds  that  of  the  solid  by  an 
amount  greater  than  the  equivalent  of  the  latent  heat  of 
liquidity. 

The  vapour  of  a  liquid  may  be  considered  a  gas.  If  the 
temperature  be  sufficiently  high,  and  the  pressure  sufficiently 
low,  a  vapour  obeys  the  same  laws  as  the  gases  which  are 
called  permanent,  and  approaches  closely  to  the  condition  of 
a  perfect  gas  (Art.  324). 

For  each  vapour  there  is,  corresponding  to  any  given 
temperature  Ti,  a  certain  pressure  pi,  such  that  at  higher 
pressures  the  vapour  begins  to  liquify  ;  and,  conversely, 
corresponding  to  any  given  pressure  pi  there  is  a  temperature 
Tx,  such  that  at  lower  temperatures  the  same  result  takes 
place.  The  pressure  p^  is  called  the  maximum  pressure  of  the 
vapour  for  the  temperature  Ti,  and  Ti  is  called  the  boiling- 
point  of  the  liquid  for  the  pressure  pi. 
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In  fact,  if  heat  be  imparted  to  the  liquid  under  the  con- 
stant pressure  pi,  the  temperature  of  the  liquid  will  rise  until 
it  reaches  Ti ;  after  this  the  temperature  will  remain  stationary, 
but  the  liquid  will  be  transformed  into  vapour,  and  the  heat 
required  by  the  unit  mass  for  this  transformation  is  called 
the  latent  heat  of  vaporization.  When  a  vapour  is  at  its 
maximum  pressure,  and  therefore  beginning  to  liquify,  it  is 
said  to  be  saturated. 

A  liquid  exposed  to  the  air  evaporates  more  or  less  at  all 
temperatures.  It  is  known  that  if  two  gases  be  enclosed  in 
the  same  envelope,  each,  after  some  time,  is  diffused  through 
the  whole  volume  of  the  envelope  as  if  the  other  were  absent. 
Hence  we  might  anticipate  the  behaviour  of  a  liquid  exposed 
to  the  atmosphere,  and  expect  that  the  air  would  not  act  like 
an  impervious  envelope  exercising  a  constant  pressure,  but 
would  merely  retard  the  formation  of  vapour  by  diminishing 
its  rate  of  diffusion. 

The  statements  of  Article  322  require  some  modification 
when  applied  to  a  body  while  changing  its  state.  So  long  as 
the  state  remains  unaltered,  U,  0,  and  v  are  functions  of  p 
and  T;  but  when  the  body  begins  to  change  its  state,  U,  0, 
and  V  vary,  even  though  2^  and  T  remain  constant.  Whilst 
the  body  is  changing  its  state,  if  p  and  T  be  constant,  U,  (p, 
and  V  are  functions  of  a  single  variable.  If  the  change  of 
state  go  on  continuously,  and  p  at  the  same  time  vary,  then 
T  must  also  vary,  and  be  at  each  instant  a  function  of  p. 
In  this  case,  U  and  ^  are  functions  of  two  independent 
variables,  which  may  be  v  and  p,  or  v  and  T,  but  cannot  be 
p  and  T. 

The  experiments  of  Andrews,  and  the  investigations  of 
Thomson,  have  thrown  much  light  on  the  phenomena  of 
change  of  state,  and  enable  us  to  explain  their  seeming 
anomalies.  An  account  of  these  researches  would,  however, 
be  outside  the  limits  of  the  present  work. 
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Examples. 

1.  If  A  be  the  latent  heat  of  change  of  state  expressed  in  work  units,  and  v 
the  increase  in  the  volume  of  the  unit  mass  of  the  substance  after  passing  from 
one  state  to  the  other,  prove  that 

^  dp 
A  =  vT-^- 
dT 

Let  s  and  a  be  the  volumes  of  the  unit  mass  of  the  substance  before  and 
after  the  change  of  state,  and  /*  the  fraction  of  the  unit  mass  which  has  undergone 
the  change  at  any  instant  during  the  transformation,  then  u  =  c  —  *,  and 
V  —  fiff  +  {\  —  fi)s=  s  +  vfx.  Again,  if  Q  be  the  quantity  of  heat  required'to 
transform  fi  times  the  unit  mass  from  one  state  to  the  other,  the  pressure  and 
temperature  remaining  constant,  Q  =  A^,  and  therefore 

The  student  will  observe  that  p  is  here  a  function  of  T  alone,  and  that  if  L 
be  the  latent  heat  expressed  in  heat  units,  A  =  JL. 

2.  The  density  of  ice  being  0*92,  and  the  latent  heat  of  water  79-25,  find  the 
lowering  of  the  temperature  of  freezing  caused  by  an  additional  pressure  of  one 
atmosphere.  Ans.  0-0073°  C. 

3.  lics  and  Cw  be  the  specific  heats  expressed  in  work  units  of  saturated 
steam  and  of  boiling  water  at  the  same  pressure,  show  that 

d\       A 

It  is  here  supposed  that  the  variations  of  Tand  j?  are  so  related  (Art.  339) 
that  as  T  changes  the  steam  remains  saturated,  and  the  water  remains  boiling. 
Hence,  if  we  suppose  fx  to  remain  constant  (Ex.  1),  we  have 

...Mi-.,=(:4),-(?.).. 

and  therefore 

hence,  substituting  and  performing  the  differentiation,  we  have  theresult  required- 
It  may  be  observed  that  Cw  does  not  sensibly  differ  from  the  specific  heat  of  water 
at  constant  pressure. 

4.  Investigate  a  numerical  formula  for  the  specific  heat  of  saturated  steam 
at  any  given  temperature. 
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According  to  Regnault,  the  whole  quantity  of  heat  required  to  raise  the  tem- 
perature of  the  unit  mass  of  water  from  0°  to  t°G.  and  evaporate  it  at  that 
temperature  is  606*5  4-  0-305^.     Hence  we  have  the  empirical  formula 

i+f    Cw^i!  =  606-5 +  0-305^, 
Jo 

where  Cw  is  the  specific  heat  of  boiling  water  expressed  in  heat  units.  Diffe- 
rentiating, we  have  — — V  Gw  =  0'305.  For  high  temperatures  Regnault's 
empirical  formula  may  be  replaced  by  the  simpler  formula  of  Clausius,  viz. 
L  =  607  -  0-708^.     If  we  express  — ,  by  means  of  the  latter  we  have  (Ex.  3), 

(7..  0-305 -^"I:"-^"^'^  1-013      '''■' 


273 +  t  27Z  +  t 

For  temperatures  near  0"  C.  we  may  take  C«,  =  1 ;  we  thus  get 

796-2 


^,=  1- 


273 +  i 


From  the  expressions  obtained  for  d,  we  may  conclude  that,  except  the  tem- 
perature be  enormously  high,  the  specific  heat  of  saturated  steam  is  negative. 
Hence  it  follows,  that  if  saturated  steam  be  compressed,  the  temperature  after 
compression  will  be  higher  than  that  corresponding  to  saturation  at  the  new 
pressure  ;  or,  in  other  words,  saturated  steam  suffers  no  condensation,  but  becomes 
super-heated  by  adiabatic  compression.  Conversely,  if  saturated  steam  be  con- 
tained in  a  vessel  impervious  to  heat,  a  diminution  of  pressure  will  cause  partial 
condensation.  These  results  were  first  obtained  theoretically  by  Clausius  and 
Rankine,  who,  independently,  arrived  at  them  almost  simultaneously.  They 
have  since  been  confirmed  experimentally  by  Him.  It  seems  not  unlikely  that 
the  connexion  between  rain  and  a  change  of  atmospheric  pressure  depends  partly 
on  the  property  of  steam  mentioned  above. 

5.  If  Z7i  be  the  energy  of  the  unit  mass  of  saturated  steam  at  Ti,  and  Ho 
that  of  the  unit  mass  of  boiling  water  at  To,  prove  that 

Let  us  suppose  that  the  unit  mass  is  brought  from  the  state  of  boiling  water 
at  To  and^o  to  that  of  saturated  steam  at  Ti  andj^i,  and  that  this  transformation 
is  effected  by  first  bringing  the  water  without  evaporation,  but  continually 
boiling,  from  j!?o,  To,  to  pi,  T\ ;  and  then  evaporating  at  Ti,  pi. 

Take  as  variables  Tand  /x  (Ex.  1) ;  then,  since  dU  =  dQ  —  pdv,  we  have 

-=I(§.-(S)J-M(g).-01/''- 
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Again,  on  the  above  hypothesis,  when  T  varies  ix  is  zero,  and  when  ytt  varies 
Tis  constant.     In  general  (Ex.  3), 

and  therefore  when  ^  =  0,  (  —  J    =  Cu,, 

Again, 

ldv\        ds       (ZQ\  (dv\  ,„     ,. 

Hence,  substituting,  we  have 

6.  Satui'ated  steam  in  a  vessel  containing  no  water  is  allowed  to  escape  into 
the  air ;  determine  the  quantity  of  heat  which  must  be  imparted  to  the  unit  of 
mass  in  order  that  it  should  remain  saturated. 

Let  W  be  the  external  work  done  by  the  unit  mass  of  the  steam  in  escaping, 
Ti  and  T%  its  initial  and  final  temperatures ;  then  H  being  the  heat  required, 
we  have 

Now  W  =  Pi[(T2,  -  (T\)  =  Pl{v2  -  Vi)  +P2{S2  -  s{),       (Ex.  1), 

where  <r  and  «  are  the  volumes  of  the  unit  mass  of  steam  and  of  water, 

and  U2-Ui={  "  Icw -p -^jdT  +  K2  -  \].  - P2V2-\- pivi,  (Ex.  5). 

C^    /  ds  \ 

Hence  JH=\  ""  Uiv  - p —  jdT  +  k^-  ^1  +  vi{pi  - p%)  +  P2{s%  -  s\). 

^1 
Since  (s2  —  s\)  and  -j—  are  small,  we  may  neglect  tbem,  and  thus  obtain 


tk^^lr) 


JR=        (cw\--jTi,]dT+vi{pi 


Now                          1^^+^^=0-305,     (Ex.4); 
hence  H=  -  0-305  {T1-T2)  +  {pi  -P2) ^^,  (Ex.  1). 

1  —  1   is  the  limit  of  the  ratio  of  the  change  of  the  maximum  pressure  of  the 
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vapour  to  the  corresponding  change  of  temperature,  and  is  hence  easily  found 
from  a  table  of  the  temperatures  of  the  boiling-point  at  different  pressures, 
if  is  in  general  positive  ;  i.  ^.  if  no  heat  be  imparted  to  the  expanding  steam, 
some  of  it  will  condense. 

7.  In  the  preceding  example,  if  the  vessel  from  which  the  steam  is  escaping 
contain  boiling  water,  determine  the  quantity  of  heat  which  must  be  imparted 
to  the  unit  mass  of  steam  in  order  that  it  should  remain  saturated. 

In  this  case,  as  in  Ex.  2,  Art.  338,  the  external  work  i^done  by  the  unit 
mass  of  the  steam  is 

P2<r2-p\cr\^  or  P2V2  - pivi  +  P2S2- pisi. 

Hence,  as  U2  -  Ui  is  the  same  as  in  the  last  example,  if  we  neglect  the  compa- 
ratively small  terms  involving  si  and  S2,  we  have  approximately 


^-=i::(-+t)''^' 


and  therefore  fi"  =  -  0 -305  ( Ti  -  T2) . 

In  this  case,  if  no  heat  be  abstracted,  or  imparted,  the  steam  after  it  escapes 
is  super-heated.  If  Ti  —  T2  be  large,  or  the  steam  originally  at  high  pressure, 
the  super-heating  is  considerable  and  more  than  sufficient  to  vaporize  any  par- 
ticles of  water  which  the  steam  carries  with  it  mechanically.  Hence  we  can 
explain  the  known  phenomenon  that  high  pressure  steam  after  escaping  into  the 
air  is  dry  and  does  not  scald,  whereas,  by  low  pressure  steam,  severe  scalds  may 
be  inflicted. 

340.  Available  Energy. — The  work  which  can  be 
accomplished  by  a  quantity  of  heat  Qi  depends  on  the  tem- 
perature of  the  source  from  which  it  is  derived.  If  this 
temperature  be  Ti,  and  the  lowest  temperature  which  can  be 
obtained  To,  the  work  which  can  be  accomplished  by  means 

of  Qi  cannot  exceed  (Ti  -  To)  -^  (Art.  338),  where  Qi  is  ex- 

pressed  in  work  units. 

If  Qi  pass  from  a  source  at  Ti  to  a  source  at  21,  the  avail- 

able  energy  is  diminished  by  the  quantity  (  -^  -  -^  JQi- 

If  Qi  leave  a  source  at  Ti,  and  Qa  in  consequence  enter  a 
source  at  T2,  the  loss  of  available  energy  is 

(r,  -  n)  I  -  (T.  -  r,)  |,  or  q,  -  q. -  n  (|  -  J). 
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341.  nissipation  of  Energy. — If  the  transference  of 
heat  from  a  source  at  Ti  to  a  source  at  T^  take  place  through 
the  medium  of  a  reversible  engine  undergoing  a  cyclical 

process,  — ^  -  -^  is  zero,  and  the  loss  of  available  energy  is 

Q,\  -  Q2,  which  is  the  same  as  the  work  done.  Thus  the  un- 
compensated loss  of  available  energy  is  zero. 

In  the  case  of  an  engine  undergoing  a  non-reversible 
cyclical  process,  Qi  -  Q3  cannot  be  greater,  and  is  usually  less, 

than  (Ti  -  T^)  ^  (Art.  337),  oti%-%  has  a  negative  value 

which  may  be  denoted  by  -  N.  In  this  case  the  uncompen- 
sated loss  of  available  energy  is  To  N. 

By  a  method  similar  to  that  employed  in  Art.  331  this 
result  can  be  extended  to  every  non-reversible  cyclical  pro- 
cess.     In   this   case,   if  Q  be   the  heat  which    enters   the 

engine  at  the  temperature  T,  the  quantity  S  —  is  negative, 

and  the  uncompensated  loss  of  available  energy  is  -  T^  -™. 

To  prove  this,  we  have  only  to  substitute  for  the  actual 
process  A  a  process  B  in  which  the  cycles  corresponding  to 
each  pair  of  temperatures  are  completed  by  reversible  trans- 
formations, each  of  which  is  accomplished  first  in  one  direc- 
tion, then  in  the  opposite.   As  these  transformations  are  passed 

through  in  both  directions,  the  value  of  S  —  and  of  the  un- 
compensated loss  of  available  energy  is  the  same  for  A  as 
for  B ;  but  S  -^  f or  B  is  the  sum  of  the  values  of  S  —  corre- 
sponding to  the  small  cycles,  since  the  remaining  part  of  B 
forms  one  reversible  cycle.  Hence  we  obtain  the  required 
results. 

The  uncompensated  loss  of  available  energy  is  called  the 
Dissipation  of  Energy. 

From  the  present  and  preceding  Articles  it  appears  that 
this  dissipation  takes  place  whenever  heat  passes  without  the 
performance  of  work  from  a  body  at  a  higher  to  a  body  at  a 
lower  temperature,  and  also,  in  general,  in  non-reversible 
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cyclical  processes.  A  strictly  reversible  process  cannot  be 
realized  in  nature,  since  the  absence  of  friction  and  the  perfect 
equality  of  internal  and  external  pressures  and  temperatures 
cannot  be  attained.  Hence  we  may  conclude,  that  in  natural 
processes  there  is,  in  general,  an  incessant  dissipation  of 
energy. 

There  is  one  class  of  irreversible  transformations  in 
which,  according  to  Mr.  Parker  {Philosophical  Magazine, 
June,  1888),  there  is  no  dissipation  of  energy.  Mr. 
Parker  in  the  Article  referred  to  defines  an  equilibrium 
path  to  be  one  at  every  point  of  which  the  system  is  in 
equilibrium.  The  path  corresponding  to  a  reversible  trans- 
formation is  always  an  equilibrium  path,  but  an  equilibrium 
path  is  not  necessarily  reversible.  As  a  result  of  experiments 
on  the  solubility  of  various  substances,  Mr.  Parker  has  been 
led  to  adopt  the  conclusion  that  in  an  irreversible  equilibrium 
cycle  there  is  no  dissipation  of  energy. 

It  is  to  be  observed  that  the  theory  of  dissipation  depends 
on  the  assumption  of  a  certain  temperature  as  the  lowest 
which  is  available.  If  the  lowest  available  temperature 
were  absolute  zero  there  would  be  no  dissipation  of  energy. 

342.  Increase  of  Entropy. — If  an  element  of  heat  dQ 
pass  from  a  body  A,  whose  temperature  is  Ti,  to  another 
body  5  at  a  lower  temperature  To,  and  if  we  suppose  the 
volumes  of  A  and  B  to  remain  constant,  the  entropy  of  A  is 

diminished  by  y^ry  and  that  of  B  increased  by  -p=^,  and  as 

Tx  >  To,  the  whole  entropy  of  A  and  B  is  increased. 

Again,  in  a  cyclical  process,  if  we  suppose  the  source  A 
and  the  condenser  B  to  remain  at  constant  volume,  in  which 

case  their  temperatures  will  of  course  vary,  S  -^  is  the  loss 

of  entropy  by  A,  and  S  -^  the  gain  of  entropy  by  B. 
Hence  the  entropy  of  the  whole  system  is  increased  by 
the  quantity  s(  ;^  -  ^^ ).  In  a  reversible  process  this  quan- 
tity is  zero,  but  in  a  non-reversible  process  it  has  in  general 
a  positive  value  iV. 
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We  have  supposed  A  and  B  to  remain  at  constant  volume ; 
but  if  this  be  not  the  case,  the  results  obtained  still  hold  good, 
provided  the  transformation  applied  to  each  of  these  bodies  is 
reversible  when  each  body  is  considered  alone.  Under  these 
circumstances  the  uncompensated  loss  of  available  energy  in 
a  non-reversible  cyclical  process  is  equal  to  the  product  of 
the  limiting  temperature  and  the  increase  of  the  entropy  of 
the  system. 

Since,  according  to  Mr.  Parker,  there  is  no  dissipation  of 
energy  in  an  equilibrium  cycle  even  though  it  be  irreversible, 
in  such  a  cycle  the  entropy  of  the  whole  system  is  constant. 
Again,  it  would  appear  that  the  definition  of  entropy  in 
Art.  332  is  unnecessarily  restricted,  and  that  entropy  may 

—  along  any  equilibrium  path. 

It  would  seem  that  the  result  of  Mr.  Parker's  experi- 
ments might  have  been  anticipated.  For,  when  a  system  under- 
goes a  transformation  corresponding  to  an  equilibrium  path, 
the  irreversibility  of  the  transformation  for  the  whole  system 
can  result  only  from  the  way  in  which  heat  is  communicated 
to  or  leaves  the  system,  or  on  the  mode  in  which  it  passes 
from  one  part  of  the  system  to  another  part.  We  may 
therefore  suppose  the  system  divided  into  portions  for  each 
of  which  taken  separately  a  reversible  path  may  be  assigned 
coinciding  with  the  actual  equilibrium  path.  If  Qi,  Q2,  &c. 
be  the  quantities  of  heat  which  at  any  stage  of  the  transfor- 
mation have  passed  into  these  portions,  Ui,  U2,  &c.  their 
energies,  t?i,  v^,  &c.  their  volumes,  ^1,  pi,  &c.  their  pressures, 
Ti,  7  2,  &c.  their  temperatures,  and  0i,  ^2,  &c.  their  entropies, 
we  have  dQy  =  dUi  +  pidvi  =  Tx  d^i,  since  the  path  coincides 
with  a  reversible  path.     In  like  manner 

dQ2  =  dU2  +  PidVi  =  T2  d(i)2i  dQi  =  dU^+p^  dvz  =  T^d(liz^  &c. 
Now,  since  the  whole  system  is  in  equilibrium, 

T,=  T,=  T,  =  &c.  =  T,  pi=p2  =p,  =  &c.  =2J. 
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Hence,  if  0  be  the  entropy  of  the  entire  system,  and  Q  the 
quantity  of  heat  imparted  to  it, 

,        ,          ,         .        dQ,  +  dQ,+  &G.     dQ 
d(p  =  dcj)!  +  d(l)2  +  &c.  =  — =  — , 

and  therefore  so  far  as  the  relation  between  heat  imparted 
and  entropy  is  concerned,  the  whole  transformation  may  be 
treated  as  if  it  were  reversible. 

We  may  conclude  from  what  has  been  said,  that  natural 
processes  have  a  tendency  to  increase  entropy,  or,  as  stated 
by  Clausius,  the  entropy  of  the  universe  tends  to  become  a 
maximum. 

343.  Path  of  lieast  Heat. — Let  us  suppose  that  a 
body,  whose  entropy  is  0i,  passes  from  the  state  A  to  the 
state  B  in  which  its  entropy  is  (po,  less  than  (pi.  If  Q  be 
the  heat  given  out  by  the  body  when  at  the  temperature 

T,  and  if  S  denote  the  value  of  S  —  for  the  whole  process, 

S  cannot  be  less  than  ^i  -  ^o-  To  prove  this,  first  suppose 
the  transformation  reversible,  then  S=  (j)i-(pQ.  Next  suppose 
the  transformation  non-reversible,  and  let  the  cycle  be  com- 
pleted by  a  reversible  process  which  brings  the  body  from 

Q 

B  to  A.     The  value  of  S  -^  for  the  cycle  is  then  /S  -  (^i  -  ^o), 

and  this  must  be  positive  (Art.  340) ;  hence  8  >  (pi  -  (po. 

Let  us  now  consider  by  what  path  a  body,  whose  tempe- 
rature can  never  be  less  than  To,  should  pass  from  the  state 
A  to  the  state  B  at  To,  0o,  so  that  the  heat  given  out  in  the 
passage  should  be  a  minimum,  no  heat  being  supplied  to  the 
body  from  any  external  source. 

Let  H  be  the  heat  given  out ;  then  for  a  non-reversible 
transformation,  since  T  >  To,  and  since  any  element  of  heat 
which  enters  the  body  at  T  must  have  previously  passed 
out  of  it  at  a  temperature  higher  than  T,  we  must  have 
H  >  ToS  >  To  {(pi  -  (po).      For  a  reversible  transformation 

11=      Td(p,  which  is  least  when  T=  To.     The  least  value  of 

ho 
H  is  therefore  To{(Px  -  ^o).     Hence  the  path  consists  of  an 
adiabatic  at  the  entropy  (pi  from  Ti  to  To,  and  an  isothermal 
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at  Tq  from  0i  to  0o.  Since  Ux-  Uq=  W+  JS,  where  TFis  the 
work  done  by  the  body  during  the  transformation,  when  H 
is  least  W  is  greatest,  and  the  maximum  work  which  a  body 
can  perform  under  the  circumstances  supposed  is 

?7i-?7o-ro(0i-^o). 


Examples. 
1.  Prove  that  the  available  energy  of  any  system  of  bodies  is 
fi       T-To 


2wi 


L/'^"-' 


where  Ti  is  the  initial  temperature  of  mi,  and  ci  its  specific  heat  at  constant 
volume. 

2.  If  the  system  in  Ex,  1  be  enclosed  in  an  envelope  impermeable  by  heat, 
show  that  To  is  determined  by  the  equation 


5mi 


f'l      dT     ^ 


The  actual  work  performed  by  the  system  during  the  transformation  in 
which  all  its  parts  are  brought  to  the  temperature  To  is 


2mi 


f  '  cidT; 

J  To 


but,  if  the  transformation  be  that  in  which  the  greatest  possible  work  is  done, 
this  work  must  be  equal  to  the  available  energy,  and  therefore 


2wi 


C'\      dT     ^ 


"When  the  limiting  temperature  To  is  determined  from  within,  as  in  this  ex- 
ample, or,  in  other  words,  when  one  part  of  the  system  acts  as  condenser  to 
another  part,  the  available  energy  is  called  by  Thomson  the  Internal  Thermo - 
dynamic  Motivity.  When  To  is  independent  of  the  system,  i.e.  when  heat  can 
pass  out  of  the  system  to  an  external  condenser,  the  available  energy  may  be 
termed  the  External  Thermodynamic  Motivity.  In  this  case  To  must  be  as- 
signed. 

3.  If  a  system  consist  of  two  equal  masses  of  the  same  substance  whose 
specific  heat  is  constant,  show  that  the  limiting  temperature  of  the  internal 
thermodynamic  motivity  is  VT'iTa,  where  Ti  and  Tg  are  the  initial  temperatures 
of  the  two  masses. 

4.  In  the  preceding_example  prove  that  the  thermodynamic  motivity  of  the 
system  is  mc  (V^i  -  V2'2)2. 
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5.  If  the  entropy  of  a  substance  be  increased,  its  energy  remaining  constant, 
prove  that  the  work  which  can  be  obtained  by  a  transformation  to  a  given  state 
is  diminished. 

6.  A  unit  mass  of  gas,  whose  volume  is  v\,  is  allowed  to  expand  into  a  per- 
fectly empty  vessel,  whereby  its  volume  becomes  vs  ;  show  that  its  capability 

of  doing  work  is  diminished  by  the  quantity  TqR  log  — . 

V\ 

7.  Determine  a  transformation  by  which,  without  the  transference  of  any 
heat,  gas  at  p\V\  may  be  brought  by  the  application  of  the  smallest  possible 
amount  of  external  work  to  P2V2  ;  where  P2>  p\,  V2>  vi. 

Since  v^  >  vi  the  gas  must  expand,  and  since  no  heat  is  given  it  must  ex- 
pand by  its  own  energy.  It  will  do  this  with  the  smallest  possible  expenditure 
of  energy  by  expanding  into  a  vacuum.  If  U2  be  the  energy  corresponding  to 
P'2,V2,  the  smallest  amount  of  external  work  capable  of  changing  the  energy  from 
U\  to  Uz  is  Tl-i  —  TJ\^  and  in  order  that  no  more  than  this  should  be  required  the 
compression  must,  by  (25),  be  adiabatic.  Hence  let  the  gas  expand  into  a 
vacuum  till  its  volume  become  v,  and  then  let  it  be  compressed  adiabatically 
till  its  volume  become  v^.  In  order  to  determine  v,  let  T\  and  T2  be  the  tem- 
peratures belonging  to  the  initial  and  final  state;  then,  by  (16), 


Txv^-^  =  r2V2*-S     whence 


2  L 
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Miscellaneous  Examples. 

1 .  If  two  points  fixed  in  a  lamina  slide  upon  two  intersecting  straight  lines, 
and  if  one  point  be  made  to  oscillate  backwards  and  forwards  so  as  to  have  always 
the  same  velocity,  the  ellipse  described  by  any  fixed  point  of  the  lamina  will  be 
described  under  acceleration  which  is  fixed  in  direction. 

2.  A  material  point  of  given  mass  moves  freely  under  the  action  of  a  central 
force  of  given  absolute  intensity,  varying  inversely  as  the  square  of  the  distance ; 
given  the  initial  circumstances  of  projection,  determine  the  major  axis,  eccen- 
tricity, and  line  of  apsidesof  the  orbit  it  describes. 

3.  The  extremities  of  a  uniform  rectilinear  bar  move  on  the  circumference 
of  a  smooth  vertical  circle ;  find  its  period  of  oscillation  under  the  action  of 
gravity  consequent  on  a  small  displacement  from  its  position  of  stable  equi- 
librium. 

4.  A  circular  plate,  revolving  round  its  centre  in  a  vertical  plane,  becomes 
suddenly  attached  at  its  lowest  point  to  a  heavy  particle  previously  at  rest ;  re- 
quired the  mass  of  the  particle  in  order  that,  at  the  end  of  a  semi-revolution,  the 
system  may  be  brought  to  rest  under  the  action  of  gravity. 

5.  A  uniform  beam  is  supported  symmetrically  on  two  props  ;  find  where 
they  should  be  placed  in  order  that  if  one  of  them  be  removed  the  instantaneous 
pressure  on  the  other  may  be  the  same  as  the  statical  pressure. 

6.  A  circular  board  lies  upon  a  smooth  table  ;  in  the  board  is  cut  a  circular 
groove  along  which  a  molecule  is  projected  with  a  given  velocity ;  determine 
the  pressure  against  the  side  of  the  groove. 

7.  A  straight  rod  which  passes  through  a  small  fixed  ring  is  in  motion  in  a 
horizontal  plane ;  determine  the  motion  of  its  centre  of  gravity. 

8.  A  lamina  unacted  on  by  any  force  is  projected  in  its  own  plane ;  prove 
that  its  space  centrode  is  a  straight  line,  and  its  body  centrode  a  circle. 

9.  A  sphere,  rotating  about  a  horizontal  axis  through  its  centre  of  gravity, 
falls  vertically ;  prove  that  its  space  centrode  is  a  parabola,  and  its  body  cen- 
trode a  spiral  of  Archimedes. 

10.  Given  the  motion  of  one  point  in  a  body  and  also  its  space  centrode,  find 
its  body  centrode. 

11.  A  small  ring  slides  down  a  rough  rod  from  a  given  point  to  a  given 
right  line ;  find  the  direction  of  the  rod  so  that  the  time  of  descent  may  be  a 
minimum. 

{a)  Find  the  limits  of  the  coefficient  of  friction  for  which  the  required  posi- 
tion is  vertical. 
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12.  A  material  particle,  attached  to  a  fixed  point  by  an  inelastic  string,  is 
allowed  to  descend  a  smooth,  inclined  inelastic  plane,  starting  without  initial 
velocity  from  the  foot  of  the  perpendicular  from  the  fixed  point  on  the  plane. 
Describe  the  subsequent  motion,  and  show  that  the  total  length  of  the  path 
described  by  the  particle  on  the  plane  before  it  comes  to  rest  is 


/I  sin  i3  cos2)8  \ 

Vsin3~    1  +  cos'^iS  /' 


where  I  is  the  length  of  the  string,  and  ^8  is  the  angle  which,  when  stretched, 
it  makes  with  the  perpendicular. 

13.  A  homogeneous  sphere  rolls  down  the  concave  surface  of  a  rough  semi- 
circle, the  axis  of  which  is  vertical ;  find  its  velocity  and  entire  pressure  against 
the  semicircle  in  any  position. 

14.  Two  balls  of  difierent  masses,  moving  in  the  same  right  line  with  diffe- 
rent velocities,  become  suddenly  connected  by  a  weightless  inextensible  rod ; 
given  all  particulars,  required,  in  magnitude  and  direction,  the  initial  strain  on 
the  rod. 

15.  A  material  particle,  constrained  to  oscillate  without  friction  in  a  curve 
tautochronous  with  respect  to  any  point  under  the  action  of  any  force,  being 
supposed  retarded  throughout  its  motion  by  a  resistance  to  its  velocity  of  con- 
stant intensity  ;  determine  the  law  of  diminution  of  its  several  successive  arcs 
of  vibration. 

16.  The  resisting,  in  the  preceding,  being  supposed  small  compared  with  the 
moving  force ;  show  that,  if  the  friction  vary  as  any  function  of  the  velocity, 
its  effect  will  be  ultimately  inappreciable  on  the  time  of  description  of  any  com- 
plete arc  of  vibration  of  the  particle. 

17.  A  rigid  body,  revolving  round  a  fixed  axis,  strikes  perpendicularly 
against  a  fixed  obstacle;  required  the  height  through  which  the  same  body 
should  fall  vertically,  without  rotation,  so  as  to  strike  against  the  obstacle 
with  the  same  force  of  percussion. 

18.  A  rigid  body  connected  with  a  fixed  point  by  an  inextensible  cord,  is  in 
constrained  equilibrium  under  the  action  of  a  force  passing  through  its  centre 
of  inertia ;  all  the  other  restraints  being  supposed  suddenly  removed,  required 
the  initial  stress  on  the  cord. 

19.  A  sphere,  rolling  without  sliding  on  a  rough  horizontal  plane,  is  acted 
on  by  a  central  force,  varying  inversely  as  the  square  of  the  distance,  emanat- 
ing from  a  fixed  point  in  the  parallel  plane  passing  through  its  centre.  Show 
that  it  describes  a  focal  conic  round  the  centre  of  force ;  and  determine  the 
initial  velocity  for  which  the  motion  is  parabolic. 

20.  A  rigid  body,  being  set  in  motion  by  a  single  impulsive  force,  show  that 
all  axes  of  initial  pure  rotation,  corresponding  to  different  directions  of  the  per- 
cussion, envelope  a  quadric  cone,  diverging  from  the  centre  of  inertia,  and 
touching  the  three  central  principal  planes  of  the  body. 

2L2 
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21.  A  rigid  body,  having  two  fixed  points,  is  set  in  motion  by  an  impulsive 
force ;  determine  in  magnitude  and  direction  the  initial  percussions  at  the  points 
perpendicular  to  their  line  of  connexion. 

22.  Two  material  particles,  resting  on  a  rough  inclined  plane,  and  connected 
by  a  slight  flexible  cord,  passing  without  friction  through  a  small  ring  attached 
to  a  fixed  point  on  the  plane,  are  in  equilibrium  under  the  action  of  gravity  ; 
the  inclination  of  the  plane  being  supposed  gradually  increased,  or  its  roughness 
ness  gradually  diminished,  determine  the  nature  of  the  initial  motion  of  the 
particles. 

23.  Two  material  particles,  moving  without  friction  in  two  non-intersecting 
rectilinear  tubes  of  indefinite  length,  attract  each  other  with  a  force  varying 
directly  as  their  distance  asunder  ;  determine  completely  their  motion. 

24.  In  the  general  displacement  of  a  solid  from  one  given  position  to  another, 
find,  by  geometrical  construction,  the  twist  by  which  the  body  can  be  brought 
from  the  former  to  the  latter  position. — (Prof.  Crofton,  London  Mathematical 
Society,  1874.) 

Let  A  be  any  point  of  the  solid  in  its  first  position,  B  the  new  position  of 
the  same  point ;  again,  let  C  be  the  new  position  of  the  point  which  was  origi- 
nally at  B,  and  D  the  new  position  of  that  point  originally  at  C ;  then,  to  find 
the  required  twist,  bisect  the  angles  ABC  siadi  BCD  by  the  lines  ^JTand  GK; 
find  E.Kih.Q  shortest  distance  between  these  bisectors.  The  body  can  be  brought 
from  the  first  to  the  second  position  by  a  translation  BK,  and  a  rotation  round 
KK  through  an  angle  which  is  equal  to  that  between  BH  and  CK. 

25.  Calculate,  in  C.  G.  S.  units,  the  mutual  attraction  of  two  units  of  mass 
at  the  unit  distance  apart,  according  to  the  law  of  gravitation. 

Let  7  denote  the  quantity  in  question ;  then  the  attraction  of  the  earth  on  a 
unit  of  mass  at  its  surface  is  %irypR,  where  p  is  earth's  mean  density,  and  E  is 
its  radius. 

Hence  we  have  g  =  ^irpyE. 

Now,  in  the  system  of  units  adopted,  we  have  ^  =  981,  and  Tri?  =  2  x  10'. 
Thence,  assuming  p  =  5-67,  we  get 

i  =  -  X  — ^  X  10^  =  — -  X  107  =  15,410,000,  approximately ; 
^  y      3      981  109 

1 


15,410,000 


26.  A  body  is  rotating  about  a  fixed  point.  Express  the  element  of  the  curve 
described  by  the  instantaneous  axis  on  a  sphere  fixed  in  the  body  in  terms  of  the 
angular  velocities  round  the  body-axes. 

Let  the  instantaneous  axis  at  any  time  make  angles  A,  ix,  v  with  the  body- 
axes  ;  let  the  spherical  surface  be  intersected  by  the  two  consecutive  positions  of 
the  instantaneous  axis  in  /  and  /' ;  let  01  and  01"  represent  the  correspond- 
ing magnitudes  «  and  w  +  ^co  of  the  angular  velocity.  Then  the  projections  of 
11"  on  the  body- axes  are  proportional  to  dutxy  du^,  dwz,  and  /'/"  is  propor- 
tional to  da. 


517 


Miscellaneous  Examples. 

Now  77"2  =  J'7"2  +  OP  #2 . 

hence  dui^  +  dwz^  +  dw^  =  (5?co2  +  or  dy\i^, 

and  <?i//2  =  —^  {dwi^  +  ^«2-  +  day'  -  dw^). 


If  «  be  the  radius  of  the  sphere,  and  ff  the  arc  of  the  curve, 
we  have,  therefore, 

\dt]   ~  ^  \di)  'l^'Wdt)  '^\di  I  '^\di)  ~\dt) 

27.  A  body  is  moving  round  a  fixed  point.  Being  given  the  axis,  a  rotation 
round  which  brings  the  body  from  one  position  to  another,  and  the  magnitude 
of  the  rotation,  determine  the  angles  which  body-axes  make  in  the  second  posi- 
tion with  the  space-axes  which  in  the  first  position  coincide  with  them. 

Describe  a  sphere  round  the  fixed  point  0.    Let  two  of  the  space-axes  meet 


this  sphere  in  the  points  X,  Y ;  and  the  coiresponding  body-axes  in  the  points 
-4,  B,  when  the  body  is  in  its  second  position  ;  let  P  be  the  pole  of  rotation ; 
then  XPA  =  YPB  =  <p,  where  (p  is  the  given  rotation.  Let  I,  m,  n  be  the  direc- 
tion cosines  of  the  angles  that  OP  makes  with  OX,  OT,  OZ. 

Then  cos  XA  —  p-^i^—  p)  cos  (p,  and  it  can  be  readily  shown  that 
cos  YA  =  Im  (1  -  cos  ^)  +  w  sin  ^, 
and  cos  X£  =  lm{l  -  cos  ^)  -  w  sin  <^. 

The  values  of  the  cosines  of  the  remaining  angles  can  now  be  written  down 
from  symmetry. 
If  we  put 

u  =  cos  ^  ^,     A  =  ?  sin  I  ^,     /*  =  m  sin  I  ^,     v  =  nsm^  <f>, 

we  have  the  following  table  of  the  values  of  cos  XA,  &c. : — 


X 

Y 

z 

A 

u2  +  a2  -  ^2  _  y2 

2{nK  +  vv) 

2  {yX  -  v}x) 

B 

2  (A/i  -  vv) 

„2  +  ^2_^2_;^2 

•2{vjj.  +  vX) 

C 

2  {Xv  +  vfx) 

2{fiv-  v\) 

u2+v2-A2- 

The  quantities  I,  m,  n,  <p  are  called  Rodrigues'  coordinates.     (Thomson  and 
Tait,  Natural  Philosophy,  §95.) 
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28.  The  body  is  rotating  round  OA  with  an  angular  velocity  wi ;  determine 
the  differential  coefficients  of  <py  I,  m,  n  with  respect  to  the  time. 


We  have  to  find  the  magnitude  and  axis  of  the  rotation  which  is  the  resultant 
of  the  rotation  <p  round  the  axis  {I,  m,  n),  and  oiuidt  round  OA.    If  this  rotation 

be  (p'y  and  its  direction  cosines  I',  m',  n' ;  (p'  —  <p  =  -^  dt^     V—  1  =  —  dt^  &c. 

Let  A,  B,  C  be  the  points  in  which  OA,  OB,  00  meet  the  sphere  described 
round  0,  and  P  the  point  in  which  the  sphere  is  met  by  the  line  (I,  m,  n). 
As  in  Ex.  8,  Art.  260,  make  APE  =  ^f,  and  PAB  =  -^m di,  then  B  is  the 
pole  of  the  resultant  rotation ;  the  positive  direction  of  rotation  being  supposed 
to  be  counter-clockwise. 

Draw  -R  iT  at  right  angles  to  AP.     Then  it  is  easily  seen  that 


coaBPA  =  - 


Im 


V{(1-;2)(1_,,,2)}- 


sin^P^ 


^{{l-P){l-m^)} 


also 


dl  .  „  ^^cos^PjR. 

2  -  =  «i  sin2^P  _^_ — L  ^^  1  _  ^2  cot  I  </), 
dt  sin  I  ^  '' 

dm 


2  -r-  =  ai  sm  AP  sin  BP — : — j —  =  wi  (w  -  Im  cot  f  <p), 
sin2</> 


dt 


dn  .      .^  .    ^-r.  cos  CPB  ,  ,     .  , 

2  —  =  ctfi  sm  -4Psm  CP  — . — ^ —  =  -  ewi  im  +  oil  cot  *  ^ 
dt  &m\<p  ^ 


Again 


i  <|)'  =  TT  -  ABP, 


and 


(io\dt  (p  (p 

cos  ^i2P  =  — — -  cos  AP  sin  x  -  cos  -  ; 
2  Z  Z 


hence 


cos  |-  ^'  =  cos  I  ^  -  ^  Icoi  sin  | 


*  ■  dt 


=  Zoji. 
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29.  A  body  is  moving  round  a  fixed  point  0,  with  angular  velocities  eoi,  «2,  «3, 
round  three  rectangular  axes  OA,  OB,  00  fixed  in  the  body.  Determine  the 
differential  coefficients  of  Rodrigues'  coordinates  with  respect  to  the  time. 

By  means  of  the  last  example  we  can  write  down  the  changes  produced  on 
<p,  I,  m,  n  by  each  of  the  rotations  coidt,  cozdt,  w^dt. 
Adding,  and  dividing  by  dt,  we  get 

dl 
2  — -  =  —  a^n  +  eosm  +  cot\<p{a)i  -  l{l(oi  +  m«2  +  wwa)}, 

2  —  =  —  W3I  +  win  +  cot|-<^{a>2  —  m{lwi  +  mwz  +  wwa)}, 

dn 
2  —  =  -  eoim  +  co2^+  cot|</){<w3  -  n{l(i}\  +  ma>2  +  w«3)}, 

d(b      , 

-J-  =  lw\  -\-  ma}2  +  wa)3  ; 
at 

whence,  also,  we  obtain 

dv  d\ 

2  — —  —  <a\\  —  (I32IX  —  cizv,      2— =  a>iu  —  <W2i' +  «3At, 

dp.  dv 

2—-  =  c«J2i'  —  <i'3A.  +  «i»',  2— -  =  «3i;  —  (tfi/t  +  wzAj 

where  v,  \,  ^,  j/  have  the  same  meaning  as  before. 

30.  A  rigid  body  is  moving  in  any  manner ;  one  point  is  suddenly  arrested ; 
determine  the  impulse  exerted  on  the  body. 

Let  u,  V,  w  be  the  components  of  the  velocity  of  the  point  immediately  before 
it  is  arrested,  x,  y,  z  its  coordinates,  and  X,  F,  ^the  components  of  the  impulse, 
the  axes  being  the  principal  axes  of  the  body  at  the  centre  of  inertia,  then  X  is 
given  by  the  equation 

(ABO  ) 

-  \-^  +  A{B+  0)x'-  +  B{0+A)y-'  +  0{A  +  B)z^  +  mir^\x 

=  {ABO+miA[B  +  C)a;2  +  BOiy"^  +  z^)  +  mir'^x'^'\)u 

+  m.{AB  +  mir'^)xyv  +  ^{AO +^llr'^)xzw, 

where  /  is  the  moment  of  inertia  of  the  body  round  the  line  joining  the  arrested 
point  to  the  centre  of  inertia,  r  the  distance  between  these  points,  and  A,  B,  C, 
the  principal  moments  of  inertia  of  the  body. 

31.  A  sphere  is  projected  in  any  way  along  an  imperfectly  rough  inclined 
plane.     Investigate  the  motion. 

(This  investigation,  with  some  slight  modifications,  is  taken  from  Kouth, 
Rigid  Dynamics^ 
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Here  the  equations  of  motion  are 

Mx  =  X+  Mg  sin i,     My  =  Y, 

f  Mr"-  wi  =  r  r,     f  ilfr2  cog  =  -  rX, 

whence,  eliminating  X  and  Z,  we  ohtain,  on  integrating, 

X  +  f  r«2  =  ^^  sin  i  +  a  +  f  rfla, 

y  -  frwi  =  i8  -  f rHi, 

where  a,  )8,  Hi,  and  Hg  are  the  initial  values  of  x,  y,  w\,  and  cog. 

Again,  if  w  he  the  velocity  at  any  instant  of  that  point  of  the  sphere  which 
is  in  contact  with  the  plane,  and  Q  the  angle  which  its  direction  makes  with  the 
axis  of  x^ 

u  cos9  =  X  -  1-0)2,     u  Bm0  =  y  +  rwi. 

Differentiating,  suhstituting  for  x,  &c.,  from  the  equations  of  motion,  put- 
ting for  X  and  Y  the  values  which  they  take  as  long  as  there  is  slipping,  viz., 
-  fiMg  cos  i  cos  d  and  -  fiMff  cos  i  sin  9,  and  solving  the  resulting  equations  for 
u  and  ud,  we  have 

u  =  ff  sini  cos  6  —  ^fxg  cos  ^,     uO  =  —  g  sin  i  sin  6. 

Hence,  if|/iCOti  =  w,  we  obtain,  by  integration,  w  sin  0  =  Xi  (tan  J0)". 
Substituting  the  value  given  by  this  equation  for  u  in  the  equation  for  ud,  and 
integrating,  we  have 

(tan|g)»^^  ^  (tan^g)"-!  ^  ^  _  2^ sine  ^ 
w  +  1  n—  I  K-i      ' 

Ki  is  determined  from  the  initial  value  of  0,  and  K\  from  the  initial  values 
of  Q  and  u.     These  latter  are  given  by  the  equations 

Uq  cos  00  =  a  —  ^'^2,      «o  sin  0o  =  )8  +  ^-Hi  ; 

then  u  and  0  being  known,  x,  y,  «i,  and  cog  can  be  determined. 

If  w  or  f/i  cote  >  1,  w  and  0  become  continually  less  until  they  vanish 
together.    Pure  rolling  then  begins   at  a  time   to,  which  is   given  by  the 

equation  to—  - — ; — :.     After  pure  rolling  begins  the  values  of  x,  y,  cai,  and  wg, 
Zg  sine. 

at  any  time,  can  be  obtained  from  the  combination  of  the  equations  of  motion 

with  the  equations 

X  -  Tooz  =  0,     y  +  rui  =  0. 

If  ^  <  1,  0,  though  constantly  approaching  zero,  as  appears  from  the 
expression  for  ud,  will  not  vanish  in  any  finite  time,  and  u  tends  to  increase 
without  Hmit. 
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If  «o  =  0,  the  problem  is  at  starting  reduced  to  that  of  Ex.  3,  Art.  278. 
The  force  of  friction  requisite  for  pure  rolling  is  then  yMg  sin  i.     Hence,  if 

^Mg  sin  i  <  fx'Mg  cos  i,     or    f  /*'  cot  i  >  1, 

where  /i'  is  the  coeflS.cient  of  statical  friction,  pure  rolling  will  commence  and 
continue.     If  f  )it'  cot  i  <  1,  slipping  will  begin  at  once  and  never  cease. 

32.  A  body  rests  with  a  plane  face  on  an  imperfectly  rough  horizontal  plane. 
The  centre  of  inertia  of  the  body  is  vertically  over  the  centre  of  inertia  of  the 
face  and  very  near  it,  the  connecting  line  being  a  principal  axis  at  the  former 
point.  The  form  of  the  face  is  such,  that  its  radii  of  gyration  about  all  lines 
in  it  passing  through  its  centre  of  inertia  are  equal.  The  body  is  projected 
with  an  initial  velocity  of  translation  CT,  and  an  initial  very  small  angular 
velocity  £l  round  a  vertical  axis  through  its  centre  of  inertia :  determine  the 
motion. 

Take  the  initial  direction  of  translation,  and  a  horizontal  line  at  right  angles 
thereto  for  axes  of  x  and  y.  Let  u  and  v  be  the  components  of  the  velocity  of 
the  centre  of  inertia  of  the  body  at  any  time,  and  w  the  angular  velocity. 
Then,  x  and  y  being  the  coordinates  of  any  point  of  the  body,  and  |  and  rj  its 
coordinates  referred  to  parallel  axes  through  the  centre  of  inertia, 

dx  dy 

_  =  «_,„.  -  =  .  +  !». 

If  F  be  the  magnitude  of  the  whole  force  of  friction  at  any  point,  its  com- 
ponents X  and  Y  are  given  by  the  equations 

X  =  -  F u-7i(o =  _  7?  a  ft 

V{(w-„ft,)2  +  (t,  +  |«)2}  '  ^'^' 

since  v,  |»,  and  rjo;  are  small  compared  with  u. 

Again,  if  /S  be  the  area  of  the  plane  face,  the  magnitude  of  the  normal  re- 
action of  the  horizontal  plane  on  an  element  of  the  face  is  equal  to  <^  (|,  tj)  dS^ 
whence  F=  fKp  (^,  rj)  dS,  and,  since  z  =  constant,  J^  (|,  v)  ^^  =  ^^9i  where  m  is 
the  mass  of  the  body.  Also  equations  (17),  of  Art.  267,  give  Gx  =  0,  Gy  =  0, 
since    ux  =0,     wy  =  0,     i  =0,    /  =  0. 

If  o  be  the  distance  of  the  centre  of  inertia  of  the  body  from  the  plane  face, 
and  <p  (I,  7j)  =  R, 

Gy^fiajUdS-iE^dS; 
therefore  J  B^dS  =  fimga. 

Assume  li  =  K+  eA,  where  JT and  e  are  constants,  then 

fimga^Kj^dS  +  e^A^ds,     but    J|^»S'=0; 
therefore  e  must  be  small ;  also 

mg  =  KS  +  €  j  AdS. 
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Again,  0^  =  ^  BrjdS  -  fia  f  llll  EdS  ; 

and,  since  the  second  member  of  Gx  is  zero,  q.p.,  "we  have  J  Er^dS  =  0.     Hence 
the  resultant  normal  reaction  passes  through  a  point  on  the  axis  of  x. 
To  determine  the  motion  of  the  centre  of  inertia, 

du 
tn—  =  2Z  =  -  /A  J  EdS  =  -  \img ; 

•  Qit 

therefore  w  =  U  -  figt. 

dv  V  C  CO  C  V 

Again  w— -=2r  =  -/i  -\  RdS  -  ju  -    R^dS  =  -  fimg  -,  q.p. 

dt  u  J  u  J  u 

hence  v  =  cii',  and  since  v  =  0  when  w  =  U,  e  =  0,  therefore  v  =  0. 
To  find  the  angular  velocity, 

mZ;2^  =  -  /t  -  (  E^^-dS  =-fiK-{  ^''dS;  q.p. 

dt  '^  M  J     "  u  ) 

but  7  being  the  radius  of  gyration  of  the  plane  face,  ^  ^^dS  =  Sy^,  and 

dco  (O 

mW-  —  --  timgy"^ -  ;  q.p. 

at  u 

therefore  w  =  ri  ( -^  )  ^'^  • 
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Absolute,  units,  64,  126. 

force  in  central  orbit,  175. 

force  suddenly  changed,  179. 

zero  of  temperature,  481,  499. 
Acceleration,  uniform,  12. 

variable,  15. 

total,  17. 

tangential  and  normal,  17. 

angular,  19. 

areal,  21. 
Acceleration-centre,  267,  340. 
Acceleration  of  rotation,  327. 
Action  and  reaction,  58. 
Adiabatic  curve,  483. 
Airy,  on  Earth's  density,  107. 
Ampere's  Cinematique,  5. 
Angular  velocity,  19,  95. 

of  a  body,  95. 
Apsides,  190. 
Apsidal  angle,  191,  215. 
Areas,  uniform  description  of,  164. 

accelerations  of,  244. 

for  principal  plane,  245. 
Attraction,  law  of,  92,  130,  147. 
Atwood's  machine,  60,  64,  138. 
Axes,  relation  between  rotations  round 
space  and  body,  327,  331. 

Ball,  Sir  E.  S.,  referred  to,  59,  334, 

338,  407,  474. 
Ballistic  pendulum,  271. 
Bertrand,  on  closed  orbits,  203. 

theorem  of,  231,  420. 
Billiards,  problem  in,  387. 
Body  axes,  330. 

motion  referred  to,  385. 
Breaking  weight  of  elastic  string,  158. 
Bresse,  on  acceleration,  268. 
Bonnet's  theorem,  208. 
Bordoni,  82. 
Brachystochrone,  435. 


Calculus  of  variations,  433. 
Canonical  form  of  equations  of  mo- 
tion, 431. 
Carnot,  S.,  cycle  of,  486. 

extended,  488. 

determination  of  function  of,  487, 
600. 
Central  forces,  90,  147,  164. 

potential  of,  129. 
Centres  of  oscillation  and  percussion, 

276,  277. 
Centre  of  inertia,  76. 

of  oscillation,  142. 

motion  of,  241. 

motion  relative  to,  242. 
Centrifugal  and  centripetal  force,  88. 

acceleration,  89. 

force  at  Earth's  equator,  91. 
Centrifugal  force,   resultant  for   ro- 
tating body,  96. 

in  pendulum,  118. 
Centrifugal  couple,  369. 

axis  of,  370,  374. 
Centrodes,  261. 

Change  of  state  of  a  body,  501. 
Circle  of  inflexions,  268. 
Circular,  motion,  84. 

orbits,  90. 

orbits  approximately,  194. 
Clausius,  on  energy  of  a  gas,  410. 

on  second  fundamental  principle 
in  thermodynamics,  485. 

on  entropy,  489. 

on  saturated  steam,  605. 
Coaxal  circles,  property  of,  120. 
Coefficient  of  restitution,  67. 
Collision,  of  spheres,  direct,  66. 

effect  on  energy,  235. 

oblique,  70. 

of  smooth  bodies,  379. 

of  rough  bodies,  380. 
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Compound  pendulum,  141. 
Compression,  force  of,  67. 
Composition  of  velocities,  7,  257. 

of  rotations,  317,  321. 

of  twists,  334. 
Cone,  employed  graphically  in  rota- 
tion, 328. 
Conical  pendulum,  115,  224. 
Conservative  system  of  forces,   129, 

233,  397. 
Constrained  motion,  206,  241,  247. 
Coulomb,  on  dynamical  friction,  63. 
Couple,  of  rolling  friction,  311,  314. 

of  twisting  friction,  311. 

tending  to  break  moving  rod,  303. 
Curtis,  225. 
Cycle,  Camot's,  486. 
Cycloid,  tautochronism  of,  115. 

is  curve  of  quickest  descent,  433. 
Cylindroid,  338,  339. 

D'Alembert's  principle,  59,  227,  228, 

417. 
appHed  to  small  oscillations,  445. 
Darwin,  on  friction  of  tidal  action, 

408. 
Degrees  of  freedom,  254,  269. 
Disturbing  forces' in  focal  orbit,  188. 
Dyne,  54,  126. 

Earth,  atttaction  of,  151. 

mean  density  of,  107. 
Efficiency  of  agents,  126. 

of  a  heat  engine,  499. 
Elasticity,  67,  302. 

in  collision,  334,  383. 
Elastic  strings,  155. 
Elasticity  and  expansion  of  a  sub- 
stance, 491. 
Ellipsoid  momental,  348. 

graphical  use  of,  348. 
Ellipsoid,  of  gyration,  349,  360,  371. 

of  equal  energy,  474. 

potential,  474. 

conjugate,  363. 
Energy,  59,  133,  396. 

potential  and  kinetic,  defined,  133. 

measure  of  kinetic,  133. 

equation  of,  136,  396,  402. 
•    in  thermodynamics,  478,  485. 

conservation  of,  397. 

of  initial  motion,  420. 

of  an  oscillating  system,  470. 


Entropy,  489. 
Erg,  126. 

Euler,    equations    of    rotation,    354, 
368,  425. 
for  impulses,  346. 

Focal  orbit,  173. 

velocity  in,  177. 

constructed,  178. 
Force,  function,  398. 

measure  of,  53. 

absolute  unit  of,  54. 

gravitation  unit  of,  54. 
Forces  of  inertia,  59,  227. 
Fly-wheel,  energy  of,  137. 
Free  motion  of  a  body,  320. 
Freedom,  degrees  of,  254,  269. 
Friction,  laws  of  dynamical,  50,  63, 
296. 

work  expended  on,  in  pivot,  132. 

rolling,  311. 

twisting,  311. 

impulsive,  308. 


Gauss,  absolute  unit  of  force,  54. 
Generalized  coordinates,  415,  452. 

equations  of  motion,  421. 

impulse  components,  418. 
Geometrical   representation    of  rota- 
tion, 321. 
Goodeve,  265. 
Gravitation,  units,  54,  126. 

law  of,  176. 

verified,  93. 
Gravity,  acceleration  due  to,  29. 

variation  of,  30. 

affected  by  Earth's  rotation,  92. 

determined  by  pendulum,     102, 
143. 
Greenhill,  83. 
GjTation,  radius  of,  141. 

ellipsoid  of,  349. 


Hamilton's  equation  of  motion,  431. 

characteristic  function,  439. 
Harmonic  motion,  simple,  85. 

elliptic,  86. 
Harmonic  determinant,  454. 

real  roots  of,  457. 

case  of  equal  roots,  462. 
Haughton,  on  Earth's  density,  108. 
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Heat,  mechanical  equivalent  of,  477. 

specific,  479. 

latent,  of  liquidity,  502. 

of  vaporization,  503. 

of  expansion,  491. 
Height,  due  to  velocity,  30,  40. 
Helmholtz,  399. 
Herpolhode,  372,  378. 
Herschel,  on  disturbing  forces,  188. 
Him,  505. 
Hodgkinson,  on  laws  of  restitution, 

68. 
Hodograph,  19. 

application  to   focal   orbit,    181, 
182. 
Hooke's  law,  137,  155. 
Huygens,  on  pendulum,  104. 

Ignoration  of  coordinates,  426. 
Impact  and  collision   of  spheres,  66, 
381. 
of  bodies   generally,   280,    288, 
379. 
Impulse,  measure  of,  56. 

in  D'Alembert's  principle,    228, 

287. 
exerted  on  a  fixed  point,  in  rota- 
tion, 367. 
maximum,  281. 
Increase  of  inertia  in  an  oscillating 

system,  469. 
Indicator  diagram,  483. 
Inertia,  law  of,  25,  76. 
forces  of,  59,  227. 
Initial  tensions,  293,  356. 
Instantaneous  centre,  261. 

sci'ew,  334. 
Irreversible  transformations,  495. 
Isentropic  curve,  483. 
Isochronism  of  pendulum,  102. 
Isothermal  curve,  483. 
for  a  perfect  gas,  484. 

Jacobi,  on  motion  in  vertical  circle, 

121. 
Jellett,  50,  386,  394. 
Joule,    on   mechanical  equivalent  of 

heat,  477. 

Kater,  on  determination  of  force  of 

gravity,  144. 
Kepler's  laws,  91,  175. 

modification  of  third  law,  184. 


Kilogrammetre,  126. 

Kinematics,  5,  254. 

Kinetics,  5,  27,  268. 

Kinetic  energy,  133,  416,  419,  453. 

Lagrange,  210,  462. 

on  spherical  pendulum,  216. 

on  small  oscillations,  453. 

generalized  coordinates,  421,  435. 

generalized    equations    for    im- 
pulses, 417. 
Lambert's  theorem,  183. 
Laplace,  referred  to,  332. 
Latent  heat,  of  liquidity,  502. 

of  vaporization,  503. 

of  expansion,  491. 
Laws  of  motion  :  see  Newton. 
Least  action,  436. 
Line  of  quickst  descent,  36. 

M'CuUagh,  on  rotation,  361,  377. 
Mass,  32. 

of  Sun,  186. 
Mean  value  employed,  87. 
Mean  energy  in  vibration,  411. 
Mechanical  equivalent  of  heat,  477. 
Metric  units,  23. 
Minchin,  refeiTed  to,   50,  107,   163, 

265,  272,  341,  343. 
Moment  of  inertia,  137. 
Momental  ellipsoid,  348,  370. 
Momentum,  53. 

estimated  in  any  direction,  74. 

conservation  of,  75,  248. 

moments  of,  243,  246,  273,  286. 

axis,  360,  373. 
Morin's  apparatus,  46,  309. 

on  impulsive  friction,  309. 
Motion,  first  law,  25. 

second  law,  26. 

third  law,  58. 

on  an  inclined  plane,  34,  46,  61. 

parabolic  39. 

of  a  particle,  general  equations  of, 
57. 

of  a  variable  mass,  67. 

in  a  vertical  circle,  99. 

on  a  fixed  curve,  206. 

on  a  fixed  surface,  211. 

of  body  round  fixed  axis,  255. 

round  a  fixed  point,  353,  357. 

of  solid  of  revolution,  389. 
Moving  axes,  22. 
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Newton,  fluxion  notation,  4,  9,  16. 
referred  to,  76,  153,  176. 
laws  of  motion,  25,  26,  58. 
movable  orbits,  196. 
central  orbits,  166,  171. 
on  coefficient  of  restitution,  68. 
on  resistance  of  medium,  219. 

Orbits,  central,  160. 

movable,  196. 
Oscillation    of    a    simple   pendulum, 
small,  101. 
in  general,  108. 
period  unaffected  by  resistance  of 

air,  123. 
centre  of,  142,  277. 
Oscillations,  small,  445. 

Parabolic  motion,  39,  72,  80. 
Parker,  on  equilibrium  path,  509. 
Peaucellier's  cell,  265. 
Pendulum,  simple,  100. 

compound,  102,  141. 

conical,  115. 

spherical,  212. 

ballistic,  271. 
Percussion,  centre  of,  276. 
Perfect  gas,  481,  484. 
Periodic  time  in  central  orbit,  161, 

175. 
Planetary  perturbations,  185. 
Poinsot,  378. 
Pole  of  rotation,  317. 
Polhode,  372. 
Poncelet,  referred  to,  159. 
Potential,  130,  135. 

energy,  133,  398. 
Poundal  54,  126. 

Principal  axis,  property  of,  in  uniform 
rotation,  97. 

rotation  round,  275. 
Principal  moments,  couple  of,  347. 
Principal  plane,  245. 
Projectile,  parabolic  path  of,  39. 
Pure  rolling,  friction  in,  234. 

Quickest  descent,  line  of,  36. 


„    of  a  projectile,  41. 
Eankine,  on  steam,  505. 
Rebound  from  a  plane,  69, 
Eectilinear  motion,  25,  147. 

in  resisting  medium,  219. 


Relative  motion,  6,  10. 
Resistance,  of  air,  48. 

does  not  affect  pendulum  period, 
123. 

see  Friction. 
Resisting  medium,  motion  in,  219. 
Restitution,  forces  of,  66. 

coefficient  of,  67. 
Reversible    transformations  in  heat, 

483. 
Richer,  observed  retardation  of  pen- 
dulum, 104. 
Rigid  body,  240,  258. 

equations  of  motion  of,  240. 

complete  motion  of,  329. 
Rodrigues,  on  screw  motion,  336. 

coordinates  of,  517. 
Rolling,  pure,  261. 
Rolling  friction  :  see  Couple  of. 
Rotation,  velocity  in,  226. 

acceleration  in,  327. 

of  a  rigid  body,  94. 

of  a  plane  lamina,  95. 

energy  of,  137. 

motion  of,  318. 

instantaneous  centre  of,  261. 
Rotations,  composition  of,  317,  321. 
Routh,    referred  to,    144,    307,    309, 
366,  391,  462,468. 

on  conjugate  ellipsoid,  363. 

on    equal    factors    of    harmonic 
determinant,  462. 


Salmon,  referred  to,  378. 

Schell,  referred  to,  279,  343. 

Screw,  axis  and  pitch  of,  333. 
of  resultant  twist,  337. 

Seconds  pendulum,  102. 
length  of,  123. 

Similar  mechanical  systems,  414. 

Small  oscillation  of  simple  pendulum, 
101,  445. 

Small  oscillations    in    general,    445, 
452. 

Source    and    condensor    in    Camot's 
cycle,  486. 

Space-axes,  330. 

Sphere  used  graphically  in  rotation, 
317. 

Stability  of  motion  of  small  oscilla- 
tions, 451. 

Statical  measure  of  force,  32. 
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Stress,  59,  275. 

on  fixed  axis  in  uniform  rotation, 
97. 

arising  from  impulse,  275. 

in  variable  rotation,  277. 

work  done  by,  131. 

in  initial  uniplanar  motion,  292. 

on  a  fixed  point,  367. 
Strings,  elastic,  155. 
Sun,  mass  of,  186. 

density  of,  187. 
Suspension,  centre  of,  142,, 279. 

Tautochronism  of  cycloid,  115. 
Temperature,  absolute,  497. 
Tendency  of  rod  to  break,  302,  305. 
Terminal  velocity,  219,  226. 
Thermodynamics,  477. 
Thomson  and  Tait,  referred  to,   59, 

427,  429. 
Thomson,  theorem  of,  231,  349,  419. 

on  second  fundamental  principle 
in  thermodynamics,  485. 
Time  of  oscillation  of  pendulum,  101. 

affected  by  change  of  length,  103. 

by  change  of  place,  104. 

for  any  amplitude,  109. 
Top,  motion  of,  391,  393. 
Townsend,  referred  to,  137,  224. 
Trajectory  of  projectile,  40. 
Translation,  motion  of,  2,  254. 
Twist,  defined,  333. 

composition  of,  334. 
Twisting  friction,  311. 


Uniplanar  motion,  256. 

kinetics  of,  283. 
Units,  adopted,  2,  23,  54,  126,  154, 
477. 


Velocity,  in  focal  orbit,  177. 

terminal,  219. 

components  of,  in  rotation,  325. 

linear,  3. 

mean,  4.         • 

angular,  19,  94. 

relative,  9. 

Newton's  notation  for,  9. 

areal,  21. 

due  to  height,  30,  40,  99. 

due  to  infinite  distance,  168, 192. 
Velocities,  composition  of,  7,  257. 

of  rotation  compounded,  319. 
Vertical  circle,  motion  in,  99,  117. 

cycloid,  motion  in.  111. 
Vibrations,  87. 

directions  of  harmonic,  465. 
Virial,  411. 

Virtual  velocities,  127,  228,  403,  413. 
Vis  viva,  defined,  78. 

affected  by  collision,  74,  79,  235. 
Vis    viva,     compared    with    kinetic 
energy,  133. 

of  any  system,  138. 

equation  of,  232,  285,  346. 

Walton,  82. 

Watt's  governor,  116. 

horse-power,  126. 
Weight,  loss  of,  due  to  Earth's  rota- 
tion, 92. 
Whitworth,  on  action  of  catapult,  1 37 . 
Wolstenholme,  83. 
Work,  59. 

principle  of,  99. 

measure  of,  125. 

done  by  a  stress,  131. 

done  by  a  couple,  132. 

done  by  an  impulse,  140. 
Wrenches,  405,  406. 
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